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ABSTRACT

The phytohormone gibberellins (GAs) are key regulators of growth, development and
environmental responses in angiosperms. From an evolutionary perspective, all major steps of
GA biosynthesis are conserved among vascular plants, while GA biosynthetic intermediates
such as ent-kaurenoic acid (KA) are also produced by bryophytes. Here we show that in the
liverwort Marchantia polymorpha, KA and GAi2 are synthesized by evolutionarily conserved
enzymes, which are required for developmental responses to far-red light (FR). Under FR-
enriched conditions, mutants of various biosynthesis enzymes consistently altered thallus growth
allometry, delayed the initiation of gametogenesis, and affected the morphology of gamete-
bearing structures (gametangiophores). By chemical treatments and LC-MS/MS analyses, we
confirmed these phenotypes were caused by deficiency of some GA-related compounds derived
from KA, but not bioactive GAs from vascular plants. Transcriptome analysis showed that FR
enrichment induced the up-regulation of genes related to stress responses and secondary
metabolism in M. polymorpha, which was largely dependent on the biosynthesis of GA-related
compounds. Due to the lack of the canonical GA receptors in bryophytes, we hypothesize that
GA-related compounds are commonly synthesized in land plants but co-opted independently to
regulate responses to light quality change in different lineages during the past 450 million years

of evolution.

INTRODUCTION

Throughout evolution, plants developed various chemical tools to optimize growth and
development, and to cope with environmental changes. Gibberellins (GAs) are a group of
tetracyclic diterpenoid compounds broadly produced by many plants and plant-associated
microbes. Among the more than 130 identified GAs, a few of them (GA1, GAs3, GA4, and GA7?)
are considered as commonly bioactive in angiosperms (reviewed in Sponsel, 2016), stimulating
seed germination (Koornneef and van der Veen, 1980; Toyomasu et al., 1998; Yamaguchi et al.,
1998a; Ogawa et al., 2003; Gabriele et al., 2009) and promoting growth of various plant organs
(Kurosawa, 1926; Koornneef and van der Veen, 1980; Wenzel et al., 2000; Ubeda-Tomas et al.,
2008, 2009; Achard et al., 2009; Nelissen et al., 2012).

In Arabidopsis thaliana, the biosynthesis of GAs starts with the production of ent-kaurene from

geranylgeranyl diphosphate (GGDP) by two terpene synthases (TPSs), ent-copalyl diphosphate
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synthase (CPS) and ent-kaurene synthase (KS) (Sun and Kamiya, 1994; Yamaguchi et al.,
1998b). Next, ent-kaurene is oxidized by two cytochrome P450 monooxygenases (CYPs), first
into ent-kaurenoic acid (KA) by ent-kaurene oxidase (KO), then into GA12 by ent-kaurenoic acid
oxidase (KAO) (Helliwell et al., 1998, 1999, 2001a, 2001b). Finally, GA12 is converted into the
bioactive form GA4 through sequential oxidation by two 2-oxoglutarate-dependent dioxygenases
(2-OGDs), GA 20-oxidase (GA200x) and GA 3-oxidase (GA3o0x) (Chiang et al., 1995;
Yamaguchi et al., 1998a; Williams et al., 1998). A second bioactive GA, GA4, is different from
GAu4 by one additional hydroxyl group on C-13, which is possibly introduced to GA12 or KA before
the subsequent oxidation steps (Talon et al., 1990; Nomura et al., 2013) (Supplemental Figure
1).

Bioinformatic and chemical analyses revealed that this biosynthetic pathway producing GA4
and/or GA1 is conserved among vascular plants (Hirano et al., 2007; Tanaka et al., 2014; Cannell
et al., 2020). In several fern species, GA-derived compounds modulate sexual differentiation of
gametophytes and spore germination in the darkness (Yamane, 1998; Schneller, 2008; Tanaka
etal., 2014; Hornych et al., 2021). Bryophytes have no bona fide 2-OGD-family members of GA
biosynthesis enzymes, thus considered as lacking the production of common bioactive GAs
(Kawai et al., 2014; Bowman et al., 2017; Miyazaki et al., 2018). However, homologs for CPS,
KS, KO and KAO still exist in bryophytes, which suggested an ancestral capacity to synthesize
the GA precursors KA and GAzi2 in all land plants (Cannell et al., 2020). In the moss
Physcomitrium patens which lacks KAO, KA is synthesized by a bifunctional CPS/KS and a
single KO homolog (Hayashi et al., 2006, 2010; Miyazaki et al., 2011, 2015). The KA derivative,
ent-3B-OH-KA, is known as a bioactive molecule to regulate protonema differentiation and blue
light avoidance in P. patens (Hayashi et al., 2010; Miyazaki et al., 2014, 2015, 2018).

In the liverwort Marchantia polymorpha, homologs for CPS, KS, KO and KAO were identified
in genome-wide analyses (Kumar et al., 2016; Bowman et al., 2017). Also, MpCPS/DTPS3 and
MpKS/DTPS4 (hereafter referred to as MpCPS and MpKS) have been reported to catalyze the
production of ent-copalyl diphosphate and ent-kaurene (Kumar et al., 2016; Jia et al., 2022). In
transcriptome analysis, upregulation of GA biosynthesis gene homologs was observed under
far-red light (FR) enriched conditions, suggesting a role for this pathway in the response to light
guality change (Briginshaw et al., 2022). However, no empirical knowledge has been established

yet about the exact physiological function of GA-related compounds in liverworts.
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FR enrichment mimics the proximity of competitive neighbors in the nature habitat. In many
angiosperms, this is perceived by phytochrome (phy) photoreceptors and triggers shade-
avoiding responses, including elongation of stem-like structures, hyponastic growth of petioles
and acceleration of flowering (Downs et al., 1957; Holmes and Smith, 1975; Morgan and Smith,
1978, 1979; Whitelam and Johnson, 1982; Whitelam and Smith, 1991). GA biosynthesis is often
evoked in this process, and is required for the induction of elongative growth (Garcia-Martinez
etal., 1987; Beall etal., 1996; Van Tuinen et al., 1999; Hisamatsu et al., 2005; Djakovic-Petrovic
et al., 2007; Dubois et al., 2010). For example, in A. thaliana, a local FR enrichment at the leaf
tip induced the expression of GA biosynthesis genes in both the leaf tip and the petiole, which
modulates the hyponastic growth of the petiole (Sessa et al., 2005; Hisamatsu et al., 2005;
Djakovic-Petrovic et al., 2007; Bou-Torrent et al., 2014; Kohnen et al., 2016; Kupers et al., 2023).
In the gymnosperm Pinus tabuliformis, FR-induced shoot elongation was also accompanied with
and dependent on the accumulation of bioactive GAs (Li et al., 2020).

As a liverwort, the life cycle of M. polymorpha is dominated by the thalloid gametophyte. End-
of-day FR irradiation is known to cause hyponastic growth of thallus tips and decrease in
chlorophyll (Fredericq, 1964; Ninnemann and Halbsguth, 1965; Fredericq and de Greef, 1966;
Fredericq and Greef, 1968). FR enrichment also induced hyponastic thallus growth (Briginshaw
et al., 2022), accompanied by the growth activity change of apical meristems and the transition
to sexual reproduction (Chiyoda et al., 2008; Inoue et al., 2019; Streubel et al., 2023). Similar to
A. thaliana and other land plants, these responses in M. polymorpha are mediated by the sole
phytochrome (Mpphy) and the single-copy transcription factor PHYTOCHROME-INTERACTING
FACTOR (MpPIF) (Fredericq, 1964; Inoue et al., 2016, 2019; Streubel et al., 2023). In this study,
we characterized evolutionarily conserved GA biosynthesis enzymes in M. polymorpha with
genetic approach, showing that they were indispensable for developmental and gene expression

responses to FR enrichment.

RESULTS
MpCPS is required for thallus morphological changes induced by FR enrichment

To explore the function of GA-related hormones in M. polymorpha, we used the
CRISPR/Cas9P1%4 nickase system (Hisanaga et al., 2019; Koide et al., 2020) to create large-
deletion mutants of MpCPS (Mp2g07200), which encodes the first enzyme of the biosynthesis
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pathway. Two different mutant alleles (Mpcps-4'9 and Mpcps-27'9) with complete loss of the
coding sequence (CDS) were isolated from Tak-1, a male wild-type accession (Supplemental
Figure 2A). As MpCPS was shown to be up-regulated by FR enrichment (Briginshaw et al., 2022),
we observed the thallus morphology of 12-day-old plants grown from gemmae under two
different light conditions, either the continuous white light (cW), or cW supplemented with
continuous far-red light (cW+cFR). FR enrichment under cW+cFR induced morphological
changes in Tak-1 wild-type plants, marked by increased growth angles (hyponasty) and
slenderer thallus shapes, the latter shown as the increase of length-width ratio measured from
half of the thallus (Figure 1A-C). Such an increase was not observed in Mpcps'® mutants,
suggesting a role for MpCPS in modulating FR-induced growth responses. Furthermore, Mpcps'
mutants were significantly larger in thallus size than wild-type plants, particularly under cW+cFR
conditions (Figure 1A,D). It is likely that MpCPS acts in a pathway producing compounds
inhibiting growth, rather than promoting growth like bioactive GAs in angiosperms. To
complement the mutation, we expressed the CDS of MpCPS with C-terminal Citrine fusion under
the control of a cauliflower mosaic virus 35S promoter (pr035S:MpCPS-Cit) in Mpcps-4'9,
generating two independent transgenic lines. The complementation lines recovered the
hyponastic growth, the thallus shape and the thallus size of Mpcps-4'9, confirming that the
phenotypes were caused by MpCPS loss-of-function (Figure 1A-D). As a further verification,
Mpcps'® mutant alleles and complementation lines were constructed in the female wild-type
accession (Tak-2). Similarly, Mpcps'd mutations resulted in decrease of thallus hyponasty and
the length-width ratio, but increased the thallus area drastically under cW+cFR (Supplemental
Figure 3).

To examine the influence of Mpcps'® on growth activity at the tissue level, we labelled 7-day-
old plants grown under cW+cFR with 5-ethynyl-2'-deoxyuridine (EdU), which could be
incorporated into actively dividing cells during DNA synthesis. In the wild-type plants, we
observed a relatively narrow distribution of EdU-positive nuclei in the slender thallus, dispersing
from the apical meristem to the basal region along the midrib. By assigning different pseudo-
colors to signals acquired at different depths by confocal microscopy, we found different
distributions of dorsal and ventral signals in these plants. Ventral EdU signals along the midrib
extended further in the basal direction, suggesting excessive cell divisions specific to the ventral

side, which might contribute to the hyponastic growth induced by FR enrichment (Figure 1E).
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While in Mpcps'® mutants, EdU signals indicated active cell divisions in a broader range. Two
fully separated apical meristems were usually seen from the observed region, and the total
numbers of EdU-positive nuclei were significantly higher than those of wild-type plants or
complementation lines (Figure 1E-F). In addition, dorsal and ventral EAU signals showed similar
distribution ranges in Mpcps'® mutants, which was consistent with their flat morphology under
cW+cFR (Figure 1E).

MpCPS has arole in modulating gametangiophore development

Continuous FR irradiation is known to induce sexual reproduction in M. polymorpha, i.e. the
formation of sexual branches called gametangiophores, and the differentiation of sexual organs
called gametangia (Yamaoka et al., 2018; Inoue et al., 2019). To observe this process, plants
were grown from gemmae under cW for 7 days, then transferred to cW+cFR for
gametangiophore induction. As a liverwort, M. polymorpha undergoes vegetative growth with
dichotomous branching, periodically multiplying the number of apical meristems through
bifurcation. Generally, all apical meristems remain indeterminate under white light conditions,
while a proportion of them become dormant or differentiate into gametangiophores under FR-
enriched light conditions (Streubel et al., 2023). During the induction under cW+cFR, we
observed higher numbers of total apical meristems in Mpcps'® mutants than in wild-type or
complementation lines, which is in line with their more active vegetative growth (Figure 2A-B;
Supplemental Figure 4A). If the potential for apical meristems to form gametangiophores was
similar between the mutants and wild-type plants, higher number of gametangiophore-bearing
apexes would be expected in Mpcps'® mutants. However, Mpcps'® mutants formed fewer
gametangiophores than wild-type plants and complementation lines during the first 16 days after
FR irradiation, suggesting that gametangiophore formation is inhibited in these mutants (Figure
2A-B; Supplemental Figure 4A).

In addition, the morphology of gametangiophores was distorted in Mpcps'd mutants. As M.
polymorpha is a dioicous species, gametangiophores are sexually dimorphic among plants with
different sex chromosomes. The male gametangiophores (antheridiophores) of wild-type plants
had roundish, disc-like receptacles, which were ventrally connected to a relatively long and thin
stalk at the center. While for Mpcps'd mutants, the male receptacles were fan-shaped, attaching

to a short and thick stalk(s) at the basal end (Fig 2C,E; Supplemental Figure 4B). Transverse
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sectioning revealed thallus-like features in the stalks of Mpcps'® antheridiophores. Usually, no
air chambers could be observed in the near-cylindric antheridiophore stalks of wild-type plants.
In contrast, Mpcps'® antheridiophore stalks had a flat dorsal surface beneath which air chambers
with photosynthetic filaments were clearly formed (Supplemental Figure 5A), quite similar to the
tissue organization in the vegetative thallus (Shimamura, 2016). Besides, Mpcps'
antheridiophore stalks frequently have more canals with pegged rhizoids in the ventral side,
possibly reflecting additional bifurcation events during gametangiophore morphogenesis
(Supplemental Figure 5A).

The female gametangiophores (archegoniophores) of wild-type plants were also stalked and
had 9-11 finger-like structure (digitate rays) in the receptacle, which radially arranged like
umbrella ribs. Two marginal digitate rays could be recognized as no involucres were produced
between them (Figure 2D,F; Supplemental Figure 4B) (Cao et al., 2013). The female receptacles
of Mpcps'® were palm-like, positioning the two marginal rays at opposite ends. Excessive number
of digitate rays and/or bifurcation in the stalk were often observed in late-stage receptacles
(Figure 2D,F; Supplemental Figure 4B). In extreme cases from aseptic culture, the
archegoniophore of Mpcps'® remained the form of bifurcated thalloid branches, with digitate rays
formed at the thallus tips (Supplemental Figure 4C). If the relatively fixed number of digitate rays
in wild-type receptacles represents a determinate fate for the apical meristem, such excessive
bifurcation or additional digitate rays in Mpcps' mutants might suggest a loose transition from
the indeterminate vegetative growth. Similar to the male case, the stalks of Mpcps'
archegoniophores were shorter and thicker than the wild-type counterparts, bearing more rhizoid
canals in the ventral side (Figure 2D; Supplemental Figure 5C).

Since gametangium differentiation accompanies the morphogenesis of gametangiophores,
we investigated this progress by examining Citrine-labelled MpBONOBO proteins (MpBNB-Cit),
which specifically accumulate in the initial cells and immature gametangia (Yamaoka et al., 2018).
To keep the consistency in genetic background, large-deletions of MpCPS were introduced into
MpBNB-Cit knock-in lines through thallus transformation (Supplemental Figure 2), again using
the CRISPR/Cas9P®* nickase system (Hisanaga et al., 2019). As expected, the
gametangiophore morphogenesis was delayed by Mpcps'® mutation. After 11 or 14 days of
growth under cW+cFR, dome-shaped gametangiophore primordia already formed, respectively,

in male and female MpBNB-Cit plants carrying the wild-type MpCPS allele. Under fluorescence
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microscopes, arrays and/or clusters of Citrine signals appeared at the edge of primordia,
indicating on-going gametangium differentiation in these plants. In contrast, no gametangiophore
primordium was yet visible in Mpcps'® MpBNB-Cit lines of the same ages. Few or no Citrine-
positive nuclei could be found in the apical regions of these plants, suggesting that Mpcps' also
caused a delay in gametangium differentiation (Figure 2G-J). Despite such delay, male and
female gametangia of normal morphology eventually formed in Mpcps'® mutants, as shown by
the longitudinal sections of the receptacles (Supplemental Figure 5B,D). Crossing experiments
further confirmed the fertility of gametes, as mature spores could be produced from all

combinations among Mpcps'® and wild-type plants (Supplemental Figure 5E-F).

Mpcps'd phenotypes can be rescued by ent-kaurenoic acid (KA)

To explore the GA biosynthesis pathway possibly blocked by Mpcps'd, we first investigated if
common GAs from angiosperms could be detected endogenously in M. polymorpha. The plants
were cultured for 10 days under cW, then 4 days under cW+cFR before harvested for analysis
with liquid chromatography-tandem mass spectrometry (LC-MS/MS). In the Tak-1 wild-type
plants, GA12 but not any downstream compounds from the angiosperm GA biosynthesis pathway
could be detected (Figure 3A-B; Supplemental Figures 1 and 6A). The endogenous level of GA12
is 28.9 = 6.5 pg/g fresh weight on average, which is much lower than the levels in the seedlings
of Arabidopsis thaliana (Nomura et al., 2013). In Mpcps-4'9 plants cultured under the same
conditions, endogenous GA12 did not reach the detection limit, which supported the loss of GA
biosynthesis in this mutant (Figure 3B).

Next, we tested the effect of GA-related compounds on M. polymorpha. For thallus
morphology observation, gemmae were planted on agar medium containing different GAs or the
solvent control, then cultured under cW+cFR for 12 days. For gametangiophore induction, plants
were transferred onto agar medium containing chemicals at the onset of cW+cFR induction.
Several bioactive GAs in vascular plants and the GA biosynthesis precursor, KA, were tested on
wild-type and Mpcps-4'9 mutants. GA12 was not included in the assay due to its limited availability.
As a result, 2-uM KA application fully complemented Mpcps-4' phenotypes. The thallus shape,
the progress of gametangiophore formation and the gametangiophore morphology were all
restored to the manner of wild-type plants (Figure 3C-F). Furthermore, KA treatment altered the

thallus morphology of Mpcps-4'9 in a dose-dependent manner under cW+cFR. 100-nM KA was
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sufficient to induce clear changes in the size, shape and hyponasty of the mutant thallus
(Supplemental Figure 7A, C-E). Compared to Mpcps-4', wild-type plants are less sensitive to
the same concentration of KA (Figures 3C-F, 4F-I). Such difference could be explained by an
endogenous KA sink in the wild-type plants, but also suggested that KA is likely a biosynthetic
intermediate rather than being directly bioactive. No active GAs in angiosperms (GA1, GAs or
GA4) rescued Mpcps-4"9 as efficiently as KA, which was consistent with their absence in M.
polymorpha. GAs methyl ester (GAs-Me), which is released by several ferns as a pheromone
and could rescue Ppcps/ks phenotype in the moss P. patens (Yamauchi et al., 1996; Tanaka et
al., 2014; Hayashi et al., 2010), did not work on Mpcps-4'9 in M. polymorpha (Figure 3C-F).
Taken together, these data indicated that Mpcps'® phenotypes were likely caused by the
deficiency in one or more GA-related diterpenoid compounds, which are derived from KA but
different from bioactive GAs in vascular plants. For convenience, hereafter we refer to these

putative bioactive compounds collectively as GAwp.

MpKOL1 and MpKAOL1 catalyze the biosynthesis of KA and GA12, respectively

The enzymatic activities for MpCPS to produce ent-copalyl diphosphate and MpKS
(Mp6g05950) to produce ent-kaurene have been biochemically confirmed in the previous
research (Kumar et al., 2016). To find the downstream enzymes catalyzing KA and GAi2
biosynthesis in M. polymorpha, we tested the enzymatic activity of KO and KAO homologs
(Figure 4A). Three KO homologs were identified by phylogenetic analysis in M. polymorpha
(Supplemental Figure 8), and each of them was expressed in the methylotrophic yeast Pichia
pastoris together with the Arabidopsis CYTOCHROME P450 REDUCTASE 1 (AtCPR1,
AT4G24520). The yeasts were co-cultured with the substrate (ent-kaurene) for two days, then
the culture infiltrates were extracted and analyzed with gas chromatography-mass spectrometry
(GC-MS). KA was generated as a major product in the yeast culture expressing MpKOL1
(Mp3g18320), but not detected in cultures expressing MpKOL2 (Mp2g01950) or MpKOL3
(Mp2g01940) (Figure 4B; Supplemental Figure 6B).

All currently known plant-type KAOs belong to the CYP88 family, in which two M. polymorpha
members (MpKAOL1, Mp4g23680; and MpKAOL3, Mp2g10420) were confirmed by our
phylogenetic analysis. Previous analysis considered the protein encoded by Mp1g25410 as a

KAO homolog and named it MpKAOL2 (Bowman et al., 2017). In our current analysis, this
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protein and its liverwort homologs were closely related to CYP729 family members, which are
distinctively different from CYP88 proteins (Supplemental Figures 9-10). After two day’s culturing,
Pichia cells expressing MpKAOL1 showed a clear consumption of KA and production of GA12,
which displayed identical retention time and mass spectra with the major product from the
AtKAO1-expressing culture, i.e. the positive control. While in the MpKAOL3-expressing culture,
consumption of KA was limited and no GAi2 production was detected (Figure 4C-D,
Supplemental Figure 6B). Although we were not able to thoroughly investigate all the products,
it seems that MpKOL1 and MpKAOL1, but not their M. polymorpha homologs, harbor catalytic
activities similar to angiosperm GA biosynthesis enzymes.

By expressing Citrine-fused proteins under the control of the 35S promoter, we observed the
subcellular localization of the four M. polymorpha enzymes which showed catalytic activities
related to GA biosynthesis (Supplemental Figure 11). MpCPS-Cit and MpKS-Cit proteins were
localized in the chloroplasts, most likely in the stroma as the Citrine signal intensities displayed
complementary patterns to the thylakoid-enriched chlorophyll (Supplemental Figure 11A-B). The
signals of MpKOL1-Cit proteins were also associated with chloroplasts, being strongest in
chloroplast envelopes (Supplemental Figure 11C). On the other hand, MpKAOL1-Cit proteins
seemed to aggregate in the endomembrane system and could be observed near the nuclear
envelope and the plasma membrane (Supplemental Figure 11D). Overall, the subcellular
distribution of these proteins were similar to their homologs in A. thaliana (Sun and Kamiya,

1994; Helliwell et al., 2001b), supporting them as being evolutionary conserved in land plants.

KA is a pivotal intermediate in the biosynthesis of GA-related hormone

To validate the physiological role of GA biosynthesis enzymes other than MpCPS in vivo, we
created loss-of-function mutants for all KS, KO and KAO homologs in M. polymorpha, using the
CRISPR/Cas9PA nickase or the CRISPR/Cas9 system (Supplemental Figure 2B-D;
Supplemental Figure 12). Consistent with the enzymatic activities in yeast or in vitro (Kumar et
al., 2016), Mpks-14'9, Mpkol1-7'9, and Mpkaol1-79 mutants completely lost the ability to produce
GA12 endogenously (Figure 4E; Supplemental Figure 6C-D). Under cW+cFR conditions, the
phenotypes of Mpks'® and Mpkol1'Y mutants were similar to that of Mpcps'®. The thalli of these
mutants were significantly larger, wider and flatter than those of wild-type plants (Figure 4F-G).

Mpks'® and Mpkoll® mutants were delayed in gametangiophore formation, and their
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antheridiophores had fan-shaped receptacles and short thick stalks (Figure 4H-1). As MpKS and
MpKOL1 catalyze reactions prior to KA biosynthesis, we tested if KA could rescue the
phenotypes of Mpks'® and Mpkol1". Indeed, 2-uM KA application fully restored the thallus
morphology and gametangiophore formation in these mutants, which further supported that KA
biosynthesis has a pivotal role in the FR response of M. polymorpha (Figure 4F-I).

In addition to MpKS, the other TPS-e/f clade member, MpTPS1 (Mp6g05430), is known to
produce ent-kaurene as a minor product (Kumar et al., 2016). However, Mptps1'® mutants
showed similar morphology to wild-type plants under cW or cW+cFR conditions, suggesting that
MpTPS1 is not a major gene required for GAwp biosynthesis (Supplemental Figure 12A;
Supplemental Figure 13). MpKOL2 and MpKOL3, the homologs of MpKOL1, are tandemly
arranged in the genome, so we removed the whole genomic fragment containing both genes
with CRISPR/Cas9P%A nickase (Supplemental Figure 12B). Again, no phenotype related to FR
response was observed, which is consistent with the lack of KA-producing activity for both
enzymes (Supplemental Figure 13).

As MpKAOL1 could catalyze the KA to GAi2 conversion, we hypothesized that this is a
reaction leading to the biosynthesis of GAmp in M. polymorpha. As a fact, Mpkaol1%¢ mutants
were defective in FR response, in a manner similar to the KA biosynthesis mutants. After 12
days of growth under cW+cFR, large wide and flat thallus was observed in Mpkaol19¢ mutants
(Figure 4F-G). Since MpKAOLL1 is likely to act downstream of KA synthesis, these mutants were
not supposed to be very sensitive to KA treatment. In the experiments, although 2 yM of KA
slightly altered the thallus morphology under cW+cFR, while no significant changes could be
observed at concentrations equal to or lower than 1 uM (Figure 4F-G; Supplemental Figure 7B-
E). Mpkaol19 mutants also showed a moderate delay in gametangiophore formation, which was
insensitive to KA treatment. However, the antheridiophore morphology of Mpkaol19¢ mutants
was similar to that of wild-type plants, suggesting that the biosynthesis of GAwp might not be
completely abolished by Mpkaol1% (Figure 4H-1). Complete deletion of the other KAO homolog,
Mpkaol3'9, failed to show any severe defects in FR response, yet double mutants would be
needed for future research to carefully examine the redundancy with MpKAOL1 (Supplemental
Figures 12C and 13).
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FR enrichment induced GA biosynthesis in a MpPIF-dependent manner

Recent research reported that several GA biosynthesis genes were up-regulated under FR-
enriched light conditions (Briginshaw et al., 2022). In our previous transcriptome data
(Hernandez-Garcia et al., 2021), irradiation solely with FR light significantly increased the
expression of MpKOL1 within 1 h, and the expression of MpCPS and MpKAOL1 after 4 h of
treatment. Such responses were only seen in the wild-type plants but not the Mppif<c mutant,
indicating that it is a process controlled by the Mpphy-MpPIF signaling module (Supplemental
Figure 14A). Similarly, when we transferred 7-day-old plants grown under cW conditions to
cW+cFR, MpPIF-dependent up-regulation of MpCPS, MpKS, MpKOL1 and MpKAOL1
expression could be detected by quantitative polymerase chain reaction (QPCR) within 24 h
(Figure 5A, Supplemental Figure 14B). Interestingly, MpKOL1 showed a slightly different
expression pattern to the other three genes. MpKOL1 expression peaked at 8 h after induction
but slightly decreased at the 24-h time point, while the expression of MpCPS, MpKS and
MpKAOL1 gradually increased in the 24 h after induction, which might reflect different modes of
transcriptional regulation. Consistent with the gene expression, we detected a higher level of
endogenous GAa12 in plants induced with cW+cFR than those kept under cW conditions, which
suggested the accumulation of GA-related compounds under FR-enriched conditions (Figure
5B).

GA-related hormone regulated transcriptional responses to FR enrichment

To explore gene expression changes related to GA biosynthesis in M. polymorpha, we
analyzed transcriptomes from thalli grown under cW or cW+cFR for 12 days, either of wild-type
plants, or of Mpcps-4'Y mutants with or without 2-uM KA treatment. In agreement with the mild
change in thallus morphology, only a few genes were differentially expressed between Mpcps-
4'd and wild-type plants under cW conditions (Figure 5C; Supplemental Data Set 1). In particular,
the expression of MpTPS6, which encodes an enzyme producing cis-kolavenol (Jia et al., 2022),
was significantly decreased in Mpcps-4'9 and rescued by KA under cW. In contrast, 780 and 257
genes were down- and up-regulated, respectively, in Mpcps-4'9 mutants under cW+cFR,
suggesting a more active function of GAwp under FR-enriched conditions. A proportion of the
differentially expressed genes could be rescued by KA application (Figure 5C; Supplemental

Data Set 1). For most of the Mpcps'd-affected genes, the expression was strongly altered by FR

Page 12 of 41



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

enrichment in the wild-type plant, and the differential expression in Mpcps-4'9 was essentially
the reduction in FR-induced gene expression change (Figure 5D). If we compare the
transcriptomes between cW+cFR and cW, the numbers of up- and down-regulated genes both
declined by more than 60% in the Mpcps-4'Y mutant (Figure 5E).

Using fussy gene ontology (GO) annotations generated with the Blast2GO algorithm (Conesa
and Gotz, 2008; Hernandez-Garcia et al., 2021), we performed GO enrichment analyses for
biological processes on differentially expressed genes in Mpcps-4'9 under cW+cFR (Figure 5F;
Supplemental Data Set 2). Although KA application rescued only a limited proportion of gene
expression changes in Mpcps', the patterns of enriched GO terms were quite similar in both
comparisons. Mpcps-4'9 down-regulated or KA-upregulated genes were enriched in GO terms
related to stress response and secondary metabolism, among which top-ranked the
phenylpropanoid metabolic process. When we carefully checked gene homologs, 23 genes
putatively catalyzing biosynthesis of auronidins, bibenzyls or lignin monomers were up-regulated
by FR enrichment in a MpCPS-dependent manner (Supplemental Figure 15A). In the Mpcps-4'
down-regulated gene set, we also found 30 CYPs, 12 2-OGDs and 7 uridine 5'-diphospho-
glucuronosyltransferases (UGTSs), all of which were mostly homologs specific to M. polymorpha
or liverworts, possibly associated with lineage-specific metabolites (Supplemental Figure 15B-
D). It seemed that M. polymorpha was allocating more resources to stress and defense
responses under FR-enriched conditions, yet less doing so when GAwmp biosynthesis was
defective. On the other side, GO enrichment captured photosynthetic genes in the Mpcps-4'9 up-
regulated gene set (Figure 5F), which suggested that this mutant might be more resistant to FR-
induced chlorophyll reduction (Fredericq and de Greef, 1966). Cell-wall related enzymes and
peroxidases were found in both down- and up-regulated gene sets, which was in agreement with
the change in thallus growth allometry caused by FR enrichment or Mpcps'®, but might also be
related to stress and defense responses (Supplemental Figure 15E-F).

Gene expressions of several phytohormone pathways were altered by Mpcps'® under cW+cFR.
First of all, FR-induction of MpKS and MpKAOL1 was reduced in Mpcps-4'9, which suggested
that GA biosynthesis might be regulated by positive feedback in M. polymorpha (Supplemental
Figure 15G). Such an effect was confirmed with qPCR, in which 3 days of KA treatment partially
restored MpKS and MpKAOL1 expression (Figure 5G). MpKOL1 expression was not affected
by Mpcps'® or KA treatment, suggesting that it is not a target for such feedback regulation. For
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cytokinin, the biosynthesis enzymes MpIPT2 and MpLOG, and the deactivation enzyme
MpCKX2 were down-regulated in Mpcps-4'9 (Supplemental Figure 15G). Previous research
showed that MpCKX2 overexpression reduced the level of cytokinins, restricted thallus growth
and increased thallus hyponasty under cW (Aki et al., 2019). It is possible that FR enrichment
changed the thallus growth via coordinated deactivation of cytokinins and accumulation of GAwp.
Furthermore, expression of three abscisic acid (ABA) metabolic genes (MpABA4, MpNCED,
MpCYP707A) and more than 40 ABA-responsive, LATE EMBRYOGENESIS ABUNDANT-like
(LEA-like) proteins were induced by FR enrichment, similar to the response in A. thaliana
(Michaud et al., 2023) (Supplemental Figure 15H). Such induction was reduced in Mpcps-4'9 and
restored by KA application, which showed similar tendency as the overall stress response.

DISCUSSION

Light quality, i.e. the ratio of red and far-red lights, is an important environmental clue for nearly
all land plants to optimize their growth and photosynthesis efficiency. Using a reverse-genetic
approach, we showed that biosynthesis of gibberellin-related diterpenoids is required for many
aspects of FR response in the liverwort M. polymorpha. Under FR-enriched conditions, wild-type
plants often develop narrow and hyponastic thallus and begin to form gametangiophores, which
is accompanied with increased expression of GA biosynthesis genes and accumulation of GA12
(Figures 1, 2, 5) (Fredericq and de Greef, 1966; Briginshaw et al., 2022). In contrast, Mpcps'd
and other GA biosynthesis mutants developed wide and flat thallus, with a delay in the
gametangiophore formation (Figures 1, 2, 4). Application of the biosynthesis intermediate KA
rescued all mutants deficient of its biosynthesis (Figures 3, 4), indicating that these phenotypes
were likely caused by the deficiency of some KA-derived diterpenoid compound(s), which we
named GAwmp. In angiosperms, GA constantly modulates growth and development throughout
the life cycle, mostly by promoting growth via cell elongation and/or cell division (Hedden, 2020).
But in M. polymorpha, GAmp deficiency had little influence on the vegetative growth under white
light conditions. The bioactivity of GAmwp was observed only after its induced accumulation under
FR-enriched conditions, suggesting that it served as a hormone coping with environmental
changes, rather than constitutively regulating growth. Moreover, the thallus size was increased
in GAmp biosynthesis mutants under cW+cFR (Figures 1, 4), implying that GAmp actively inhibits
rather than promotes growth in the gametophyte of M. polymorpha.
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FR enrichment induced hyponastic growth in the thallus of M. polymorpha, which is
comparable to the increase of leaf hyponasty in shade-avoiding angiosperms. In A. thaliana, FR
enrichment triggers the hyponastic growth by preferentially enhancing cell elongation in the
abaxial side of the petiole (Kupers et al., 2023). While in M. polymorpha, such response relies
on the regional growth driven by apical meristems. In previously reported end-of-day FR
irradiation experiments, if the treatment was discontinued after several cycles, the newly-grown
apical region resumed pleiotropic orientation, while the basal part remained hyponastic
(Fredericq and Greef, 1968). With EdU analysis, we observed cell division patterns under FR-
enriched conditions, which was most active near the apical meristem. The hyponastic growth in
wild-type plants were marked with excessive cell division in the ventral side of the thallus,
implying a role for differential cell proliferation in this process. The large and flat thallus of Mpcps'd
mutants have more actively dividing cells in total, which showed no dorsiventrally biased
distribution (Figure 1). Since Mpcps'® phenotypes could be complemented by expression of
MpCPS using the constitutive 35S promoter, which was equally active in dorsal and ventral
tissues (Althoff et al., 2014), it is unlikely that FR-induced hyponasty is established directly by
differential biosynthesis of GAwp. This is similar to the situation in A. thaliana petioles, where GA
served as a modulator for FR-induced hyponasty but showed no biased adaxial-abaxial activity
(Kupers et al., 2023).

The erected, stalked gametangiophores of M. polymorpha could be considered as an extreme
form of hyponastic growth, and dorsal tissues were evidently reduced in the cylindrical stalks of
wild-type plants (Shimamura, 2016). The stalks of Mpcps'® gametangiophores were relatively
short and thick, bearing dorsal air chambers similar to the vegetative thallus, which showed less
biased dorsoventral growth (Figure 2; Supplemental Figure 5). This phenotype resembled that
of Mpkanadi (Mpkan), which was depleted of the sole M. polymorpha homolog for KANADI, a
family of transcription factors regulating tissue polarity in angiosperms (Briginshaw et al., 2022).
Under cW+cFR, both Mpkan and Mpcps'® mutants were reduced in hyponasty, formed thallus-
like gametangiophores with delay but generated fertile gametes, which could be explained by
the dysfunction of Mpkan to up-regulate the expression of GAwmp biosynthesis genes in response
to FR irradiation (Briginshaw et al., 2022).

By tracing germ cell progenitors with MpBNB accumulation, we found that Mpcps'd mutants

were delayed in germline differentiation (Figure 2). Many fern species use GA-related
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pheromones, i.e. antheridiogens, to control germline differentiation in the population. Particularly,
antheridiogens promote the formation of male antheridia, and inhibits female archegonia in
undifferentiated gametophytes (Naf et al., 1975; Tanaka et al., 2014; Hornych et al., 2021). In
M. polymorpha, sexual differentiation is known to be determined by a sex chromosome-located
gene (lwasaki et al., 2021), and MpBNB accumulation was similarly delayed in both male and
female Mpcps'® gametophytes, suggesting no sexual bias in the function of GAwp.

We partially elucidated the biosynthetic pathway of GAwmp with biochemical and genetic
approaches. Previous bioinformatic research suggested that early steps of GA biosynthesis are
conserved in land plants, and the M. polymorpha genome contains multiple homologs for KO
and KAO (Bowman et al., 2017; Cannell et al., 2020; Yoshida et al., 2020). Using the yeast
expression system, we detected the production of KA by MpKOL1 and GA12 by MpKAOL1,
showing the two enzymes possessing enzymatic activities similar to their angiosperm homologs.
Genetic analyses also supported that KA is synthesized via the sequential action of three single
enzymes (MpCPS, MpKS, and MpKOL1), as their mutants were consistently defective in FR
light responses (Figure 4). Intriguingly, although GA12 production was almost completely blocked
in Mpkaoll19 mutants, we only saw morphological phenotypes in the vegetative thallus, but not
in the gametangiophores. As monooxygenases, it takes three sequential steps for CYP enzymes
to catalyze the KA-to-GAi2 conversion, first from KA to ent-7-hydroxy-kaurenoic acid (7OH-KA),
then from 70OH-KA to GAiz-aldehyde, and finally from GAiz2-aldehyde to GA12 (Helliwell et al.,
2001a). In the GA-producing fungus Fusarium fujikuroi, even though GA12 production still occurs,
it is largely bypassed through 33-hydroxylation of GAi2-aldehyde to form GAis-aldehyde, which
is then converted into GA14 and other gibberellin compounds (Hedden et al., 1974; Urrutia et al.,
2001; Rojas et al., 2001). Therefore, we could not conclude that Mpkaol19% mutant phenotypes
were caused by deficiency in GA12 production, and MpKAOL1 might work redundantly with other
enzymes to produce other intermediates, synthesizing GAwp in a GA12-independent pathway.

Despite the conserved activities of MpKOL1 and MpKAOL1, we detected no KA synthesis
activity for MpKOL2 or MpKOL3, and no GA12 production by MpKAOL3 (Figure 4). Also, no
morphological abnormality related to far-red light response was observed in their loss-of-function
mutants, suggesting that they are not major enzymes required for GAwmp biosynthesis
(Supplemental Figure 13). In the phylogenetic tree of KOs (CYP701s) (Supplemental Figure 8),
all liverwort homologs formed a monophyletic clade with two major subclades, both containing
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sequences from Jungermanniopsida and Marchantiopsida species. MpKOL2 and MpKOL3
belong to a subclade different from MpKOL1, suggesting these KO homologs were diverged
soon after the emergence of the most recent liverwort common ancestor. The phylogenetic
relationship of KAOs (CYP88s) from liverworts and hornworts is less clear, but similarly,
MpKAOL1 and MpKAOLS3 belong to different clades deeply diverged in liverworts (Supplemental
Figure 9). It remains to be explored if such divergence contributes to the diversification of
diterpenoid metabolism in liverworts.

Comparing the biosynthesis of GA-related diterpenoids between M. polymorpha and P. patens,
we see both conservation and divergence of this pathway in evolution. On the one hand, both
bryophyte species share the biosynthesis route for KA with vascular plants. A recent study
proposed that the ancestral TPS gene in land plants encoded a bifunctional CPS/KS enzyme
(Jia et al., 2022), and KO is present in almost all genomes and transcriptomes included in our
phylogenetic analysis. It is possible that the production of KA is conserved in all major lineages
of land plants. On the other hand, M. polymorpha and P. patens seem to take different routes to
synthesize bioactive compounds from KA. Consistent with the lack of KAO (CYP88) homologs
in all mosses, P. patens produced ent-3B-hydroxy-kaurenoic acid (30H-KA) and ent-2a-hydroxy-
kaurenoic acid (20H-KA) from KA, with the former having physiological activities on protonemal
cell differentiation (Miyazaki et al., 2018). Meanwhile, the production of GA12 in M. polymorpha
opened the possibility of using C20-GAs in growth regulation, although no common GA from
angiosperms was detected in either bryophyte species (Figure 3) (Hayashi et al., 2010).

In vascular plants, GAs are perceived by GIBBERELLIN-INSENSITIVE DWARF1 (GID1)
receptors, which interacts with and promotes the degradation of DELLA proteins to regulate
gene expression (Ueguchi-Tanaka et al., 2005; Hirano et al., 2007; Yasumura et al., 2007;
Tanaka et al., 2014). Although DELLA proteins broadly exist and interact with multiple
transcription factors in a conserved manner across land plants (Hernandez-Garcia et al., 2019;
Briones-Moreno et al., 2023), the lack of GID1 receptors in bryophytes suggested that GA-
related hormones in M. polymorpha or P. patens are not likely perceived via this pathway.
Previously we reported that overexpression of MpDELLA inhibited MpPIF-mediated FR
responses, reducing gemma dormancy and delaying the formation of gametangiophores

(Hernadndez-Garcia et al., 2021). However, MpDELLA overexpression strongly inhibited cell
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division and thallus growth, which was opposite to the effect of GAmp deficiency. It is possible
that the functions of GAvp and MpDELLA remain uncoupled in M. polymorpha.

Gene expression analysis confirmed that MpCPS, MpKS, MpKOL1 and MpKAOL1 were
induced by FR enrichment in an MpPIF-dependent manner (Figure 5). The regulatory role of
MpPIF is further supported by phenotypic similarities between GAwmp biosynthesis mutants and
Mppif. Under FR enriched conditions, Mppif mutants developed wider, flatter and larger thallus,
and failed to form any gametangiophores (Inoue et al., 2019; Streubel et al., 2023). In
angiosperms, FR enrichment also activates the expression GA biosynthesis enzymes, yet more
frequently regulating 2-OGD family genes such as GA200x or GA3ox (Hisamatsu et al., 2005;
Kohnen et al.,, 2016; Kupers et al., 2023), of which no reliable homolog was reported in
bryophytes. Considering the putatively different mechanism for GA perception, GA biosynthesis
might be independently incorporated into the gene regulatory network by liverworts and

angiosperms in evolution, in response to the common threat of a FR-enriched environment.

METHODS
Plant materials and maintenance

The M. polymorpha subsp. ruderalis accessions Takaragaike-1 (Tak-1) and Takaragaike-2
(Tak-2) were used as male and female wild-type materials, respectively (Ishizaki et al., 2008).
For maintenance, M. polymorpha plants were cultured aseptically on half-strength Gamborg’s
B5 medium (Gamborg et al., 1968) with 1% agar at 22°C under continuous white light (40-50
umol photons m= st), which was supplemented by cold cathode fluorescent lamps (CCFLs,
OPT-40C-N-L from Optrom, Japan). If not specified, this medium and temperature was used for

all aseptic cultures for M. polymorpha.

Light sources

In all the experiments, plants were cultured under continuous white light conditions (cW,
approximately 40 pmol photons m? s?t) with or without continuous far-red light (cFR,
approximately 25 ymol photons m2 s1). For thallus morphology observation, cW and cFR were
supplemented by CCFLs and light-emitting diodes (LEDSs), respectively, in the multi-chambered
incubator (LH-80CCFL-6CT from NK systems, Japan). For gametangiophore induction of
aseptic cultures, cW was supplemented by CCFLs (ST-40C-BN, Shinshu Trading, Japan) and
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cFR was supplemented by LEDs (IR LED STICK, NAMOTO, Japan). For plants grown on the
vermiculite, cW was supplemented by fluorescent tubes (FLR40SN/M/36, Toshiba, Japan) and
cFR was supplemented by LEDs (VBL-TFL600-IR730, Valore, Japan).

Construction of mutants and transgenic plants

To create large-deletion mutants of a target gene, four guide RNAs (gRNAs) with target
sequences flanking the CDS were first cloned separately into pMpGE_En04, pBCGE12,
pBCGE23 and pPBCGE34 (Hisanaga et al., 2019; Koide et al., 2020) by ligation of Bsal-digested
vectors with annealed complementary DNA oligos. Then the fragments containing the MpU6-1
promoter and gRNAs were digested from the pPBCGE12, pPBCGE23 and pBCGE34 constructs
and inserted between the Bgll sites of the pMpGE_En04 construct to create a multiplex entry
vector. Finally, this entry vector was recombined with pMpGEO17 or pMpGEO018 (Hisanaga et
al., 2019) using Gateway LR Clonase Il (Thermo Fisher Scientific) to generate the binary vector
for plant transformation. To generate the Mpkaol19 mutants, the gRNA was designed to target
sequences near the start codon of MpKAOLL1. The corresponding DNA oligos were annealed
and ligated into the Bsal sites of pMpGE_EnO03, then subcloned to the binary vector pMpGE011
(Sugano et al., 2018).

For the complementation of mutants and/or subcellular localization observations, CDSs of
MpCPS, MpKS, MpKOL1 and MpKAOL1 were amplified from the complementary DNA (cDNA)
of Tak-1 plants and directionally cloned into pENTR/D-TOPO (Thermo Fisher Scientific) to
create entry vectors without stop codon. To mutate the gRNA target sequence in MpKAOL1, the
whole plasmid of pPENTR-MpKAOL1-CDS was amplified with the site-directed mutagenesis
primers MpKAOL1-mut-F and MpKAOL1-mut-R, then re-circularized to generate pENTR-
MpKAOL1-CDSmut. All the CDSs were then subcloned from entry vectors to pMpGWB106 or
pMpGWB306 using Gateway LR reactions, which were used for expressing the target proteins
under the 35S promoter with an in-frame Citrine fusion at the C terminus (Ishizaki et al., 2015).

All the binary vectors were introduced into M. polymorpha by transformation of regenerating
thalli using the Agrobacterium tumefaciens strain GV2260 as previously described (Kubota et
al., 2013). Successful mutations were identified by genotyping PCR and Sanger-sequenced to
confirm non-identical alleles. See Supplemental Tables 1-3 for full lists of plant materials

generated by this research, and the plasmids and DNA oligos used for construction.
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Measurement of thallus morphology

For thallus morphological observation, plants were grown from gemmae on the medium
containing 1% sucrose under cW or cW+cFR in a multi-chambered incubator (LH-80CCFL-6CT
from NK systems, Japan). After 12 days of growth, camera photos of the plants were taken
vertically from the top. Then medium blocks with individual plants were carefully cut out, aligned
at a certain distance to a fixed camera for taking side-view photos. Typically, the two apical
meristems from one gemma both develop into mature thallus branches, and we define the part
developed from a single gemma meristem as a “half thallus”. These half thalli were cut apart,
flattened on a filter paper and photographed for the measurements of length, width and area. All
the measurements were done in Fiji (Schindelin et al., 2012) as describe in Supplemental Figure
16 with in-house macro scripts, which are available at
https://github.com/dorrenasun/Mp_GA_biosynthesis. Data was excluded for a whole plant if
more than two apical meristems were active in the gemma, or for a half thallus if it showed severe

defects in dorsoventral differentiation.

EdU assay

To analyze the cell division activity, plants were grown on the medium containing 1% sucrose
under cW+cFR for 7 days, then soaked for 2 h in liquid half-strength Gamborg’s B5 medium
containing 20 mM 5-ethynyl-2'-deoxyuridine (EdU). Then the samples were fixed in 3.7%
formaldehyde for 1 h, washed twice with phosphate buffer saline (PBS, 5 min each), and treated
with 0.5% Triton X-100 in PBS for 20 min. After two washes with 3% bovine serum albumin
(BSA) in PBS, the samples were kept in the reaction mixture from the Click-iT EdU Imaging Kit
with Alexa Fluor 555 (Thermo Fisher Scientific, #C10338) for 1 h in darkness, then washed twice
with PBS before soaked overnight in 20% caprylyl sulfobetaine (#D4246, TCI, Japan) to remove
the chlorophyll. After another two washes with PBS, the thalli were treated with 75.5% (w/v)
iohexol (GE Healthcare Pharma) for 1 h and mounted on glass slides following the iTOMEI
protocol (Sakamoto et al., 2022). Image stacks of the apical regions were obtained with a
confocal laser scanning microscope (Olympus FLUOVIEW FV1000) at 5-uym steps in the z

direction. Excitation and emission wavelengths were 543 nm and 505-605 nm, respectively.
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Numbers of EdU-positive nuclei were quantified in the Z-projections of the image stacks using
the StarDist plugin of Fiji and in-house scripts (Schmidt et al., 2018; Schindelin et al., 2012).

Observation of gametangiophores

To observe the progress of gametangiophore formation in aseptic culture, plants were first
grown from gemmae on the medium containing 1% sucrose under cW for 7 days, then half thalli
developed from single gemma meristems were cut apart and cultured on fresh medium plates
under cW+cFR. Chemical treatments were included in the medium of second-stage culturing,
starting together with the FR irradiation. Apical regions of each plant were observed under a
stereoscope (Olympus SZX16) every day, and the emergence of gametangiophores was
recorded if a stalk or dark-green primordia was formed. Images of gametangiophores were taken
with stereoscopes (Olympus SZX16 or Leica M205C). For morphological observation of
gametangiophores, the plants were also grown on the vermiculite in the open air. After an initial
culturing of 7-14 days from gemmae under aseptic maintenance conditions, thallus fragments
were planted in pots containing vermiculite and grown under cW+cFR conditions with regular
watering. For sectioning of gametangiophores, fresh stalks or receptacles were embedded in 5-
6% agar and sectioned with a vibratome (DOSAKA LinearSlicer Pro7) at the desired thickness.

Images of the sections were obtained with the microscope under bright field (Keyence BZ-X710).

Microscopy of MpBNB-Cit

To capture the early stage of gametangium differentiation, male and female plants carrying
the MpBNB-Cit knock-in locus were cultured from gemmae on the medium containing 1%
sucrose under cW+cFR for 11 and 14 days, respectively. For male plants, half thalli developed
from single gemma meristems were collected for observation. For female plants, the second
bifurcation has already occurred, so one of the four apical regions was selected randomly on
each plant for observation. Thallus fragments were fixed with 4% paraformaldehyde (PFA) for 1
h at room temperature, washed twice with PBS and soaked in the ClearSeeAlpha solution
(Kurihara et al., 2021) for 2 days to remove chlorophyll. After that, the samples were washed
twice with PBS, stained with 1 mg/mL calcofluor white for 10 min and washed again twice with
PBS. Finally, the samples were infiltrated with 75.5% (w/v) iohexol (GE Healthcare Pharma) for
1 h and mounted onto slides. Image stacks were obtained with the fluorescent microscope
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(Keyence BZ-X710) at 5-um steps and processed into full-focus projections with BZ-X Analyzer,
and the number of Citrine-positive nuclei was counted in Fiji (Schindelin et al., 2012). The BZ-X
DAPI (Excitation: 360+20 nm; Emission: 460+25 nm; Dichroic mirror: 400 nm) and customized
(Excitation: 500£10 nm; Emission: 535+15 nm; Dichroic mirror: 515 nm) filters were used for

acquiring signals from calcofluor white and Citrine, respectively.

LC-MS/MS analysis of endogenous GAs

To analyze the endogenous GAs, most plants were cultured from gemmae on the medium
containing 1% sucrose under cW for 10 days, then under cW+cFR for another 4 days. Tak-1
wild-type plants were also cultured under cW for 14 days to examine the effect of FR enrichment.
For each sample, 3 g of thallus tissue was harvested, frozen with liquid nitrogen, and stored at -
80 °C before extraction. To prepare samples for LC-MS/MS analysis, each frozen sample was
homogenized in 15 mL acetone with ?Hz-labelled authentic compounds, then left at 4 °C for a 2-
h extraction. After filtering with defatted cotton, the acetone extract was concentrated to
approximately 1 mL with nitrogen blow and mixed with 1 mL acetonitrile. The mixture was
extracted for 3 times with 2 mL hexane, and the remaining aqueous phase was alkalified with 1
mL saturated solution of NaHCOs. After two more extractions with 2 mL chloroform, the agueous
phase was passed through a cartridge filled with polyvinylpyrrolidone (PVP), acidified to pH2-3
with HCI (6 M), and sequentially purified with a reverse-phase cartridge (Oasis HLB 3 cc/60 mg,
Waters), an anion-exchange cartridge (Bond Elut DEA 100 mg/1 mL, Agilent), and a silica
cartridge (Sep-Pak Silica 1 cc Vac Cartridge, Waters). The final elute was dried up with a vacuum
centrifuge concentrator and dissolved in 1% acetic acid before loading to the LC-MS/MS.

The LC-MS/MS system consisted of an ultra-performance LC (ExionLC, Sciex) equipped with
a reverse-phase column (CORTECS UPLC C18+, ¢1.6 um, 2.1x100 mm, Waters) and a
guadrupole time-of-flight mass spectrometer (X500R QTOF, Sciex). LC separations were
performed at 40 °C with a flow rate of 0.3 mL/min using solvent A (0.05% acetic acid in water)
and solvent B (0.05% acetic acid in acetonitrile) and the following program: a linear gradient of
B from 3% to 65% over 17 min, followed by an isocratic elution with 98% of B for 2 min.
Quantification of GAs was performed in the multiple reaction monitoring (MRM) mode, and the

mass spectrum of GA12 was confirmed in the TOF-MS/MS mode.
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Phylogenetic analysis

For the phylogenetic analysis of KO and KAO homologs, the known protein sequences from
A. thaliana and Oryza sativa were used as the input for BLAST (Altschul et al., 1990) search in
the annotated proteins from published genomes and transcriptomes (See Supplemental Data
Set 3 for a full list of species and references). Considering the relative low redundancy of these
enzymes, the top 20 BLAST hits from each species were retrieved and aligned with MAFFT
using the progressive FFT-NS-2 algorithm (Katoh and Standley, 2013). After removing the
positions with >80% gaps, an initial maximum likelihood phylogenetic tree was built with all
candidate sequences using IQ-TREE 2 with automatic substitution model selection (ModelFinder)
and 1000 bootstraps from the ultrafast bootstrap approximation (UFBoot) (Minh et al., 2020;
Kalyaanamoorthy et al., 2017; Hoang et al., 2018). Highly-relevant candidate sequences and
outgroup sequences were selected from the initial tree and re-aligned with MAFFT using the L-
INS-I algorithm (Katoh and Standley, 2013) and trimmed off positions with >98% gaps. The final
maximum likelihood tree was inferred using IQ-TREE 2 with automatic substitution model
selection (LG+I+G4 for both KOs and KAOs) and 1000 standard non-parametric bootstraps
(Minh et al., 2020; Kalyaanamoorthy et al., 2017; Hoang et al., 2018; Guindon et al., 2010). The
complete pipeline including scripts, sequence alignments, and the data file for the phylogenetic
trees are available at https://github.com/dorrenasun/Mp_GA_biosynthesis. The ggtree R
package suite was used for visualization (Yu, 2022; Xu et al., 2022; Yu, 2020b; Yu et al., 2018,
2017).

Enzymatic assay in P. pastoris and GC-MS analysis

To express MpKOLs and MpKAOLSs in the yeast P. pastoris, the CDSs were amplified from
PENTR-CDS entry vectors and inserted into the pPICZA vector (Thermo Fisher Scientific) with
homologous recombination using the seamless ligation cloning extract (SLICE) from Escherichia
coli (Zhang et al., 2012; Motohashi, 2015). The CDSs of AtKO (AT5G25900) and AtKAOL1l
(AT1G05160) were amplified from the cDNA of 14-day-old Col-0 seedlings and cloned into
pPICZA with the same method. All these plasmids were transformed into a previously described
P. pastoris X-33 strain carrying the A. thaliana cytochrome reductase gene, AtATR1
(AT4G24520) (Katsumata et al., 2008), following the manufacturer's protocol. The selected
transformants were incubated in 2 mL of BMG medium (100 mM potassium phosphate (pH 6.0),
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1.34% yeast nitrogen base (YNB), 4x10°% biotin, 1% glycerol) with shaking at 30 °C until they
reached an ODeoo value of 2. Cells were collected by centrifugation and resuspended in 50 mL
of MM medium (1.34% YNB, 4x10-°% biotin, 0.5% methanol), and cultured at 30 °C with shaking
and addition of methanol every 24 h (final concentration: 0.5% v/v) to maintain protein induction.
After 24 h of initial culturing, substrates (7 pg of ent-kaurene, or 15 pug of KA) were added into
the medium. After another 48 h of incubation, the supernatants were isolated with centrifugation
and extracted two times with equal volume of ethyl acetate. The organic phase from the two
extractions were combined together, concentrated in vacuo, and derivatized with diazomethane
in ether solution. After that, the samples were concentrated to approximately 100 uL with
nitrogen blow and subjected to GC-MS analysis with a GC (Agilent 6890) equipped with a DB-1
capillary column (15 m/0.25 mm/0.25 um, Agilent J&W) and a mass selective detector (Agilent
5975C MSD, ionization energy at 70 eV). The oven temperature was programmed as described

previously (Hayashi et al., 2006).

Subcellular localization of proteins

To observe the subcellular localizations of GAmp biosynthesis enzymes, plants were grown
from gemmae on the medium containing 1% sucrose under cW+cFR conditions for 7 days. The
thallus tissues were fixed with 4% PFA at room temperature for 20 min, washed twice with PBS,
and stained with 1 mg/mL calcofluor white for 10 min at room temperature or 1 ug/mL 4',6-
diamidino-2-phenylindole (DAPI) for 8 h at 4 °C. After another two washes with PBS, the samples
were soaked in 75.5% (w/v) iohexol (GE Healthcare Pharma) for 1 h and mounted onto slides.
For all experiments, complementation lines which used the 35S promoter to express target
proteins fused with Citrine in the C-teminus were used for observation, and the parent lines of
genetic mutants were used as the negative control.

Fluorescent images were acquired using a confocal microscope (Leica TCS SP8X Falcon)
equipped with a hybrid detector (HyD). For the observation of MpCPS-Cit, calcofluor white
signals were excited with the 405 nm UV laser, and obtained in the xyz mode within the 425-435
nm wavelength region; the Citrine signals were excited with the the pulsed white light laser (WLL)
at 488 nm, and obtained at 500-541 nm with time gating (1.8-12 ns); the autofluorescence from
chlorophyll was excited with the WLL at 592 nm, and obtained at 680-700 nm. For the
observation of MpKS-Cit and MpKOL1-Cit, calcofluor white signals were excited with the 405
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nm UV laser, and obtained at 425-475 nm; the Citrine signals were excited with the WLL at 495
nm, and obtained at 500-530 nm with time gating (1.2-6.0 ns); the autofluorescence from
chlorophyll was excited with the WLL at 649 nm, and obtained at 655-755 nm. For the
observation of MpKAOL1-Cit, DAPI signals were excited with the 405 nm UV laser, and obtained
at 430-480 nm; the Citrine signals were excited with the WLL at 495 nm, and obtained at 500-
530 nm with time gating (1.2-6.0 ns); the autofluorescence from chlorophyll was excited with the
WLL at 649 nm, and obtained at 655-755 nm.

RNA extraction and gPCR

For gPCR experiments, 50-100 mg of whole thallus was collected for each sample, which is
frozen with liquid nitrogen and crashed into fine powders with metal beads in a shaking device
(Shake Master Auto, BMS-A20TP, Bio Medical Science, Japan). The total RNA was extracted
with the TRIzol reagent (Thermo Fisher Scientific) following the manufacturer’s protocol. After
treatment with RQ1 RNase-Free DNase (Promega), the total RNA was reverse-transcribed
using ReverTra Ace (Toyobo Life Science) and the (dT)zo oligo. Quantitative real-time PCR
reactions with Taq polymerase prepared following (Pluthero, 1993) and SYBR Green | Nucleic
Acid Gel Stain (Lonza) was performed in triplicates using the CFX96 real-time PCR detection
system (Bio-Rad) with the following program: an initial denaturation for 30 s at 95 °C, then 40
cycles of 5 s at 95 °C followed by 30 s at 60 °C. A standard melting curve analysis was performed
at the end of the program to validate amplified products. MpEF1 (Mp3g23400) was used as the
reference gene for quantification, and the relative gene expression levels were calculated
following the method in (Hellemans et al., 2008). All primers for target and reference genes were
listed in Supplemental Table 3, and the amplification efficiency for each primer pair was

measured with serial dilution of mixed cDNA samples.

Transcriptome analysis

For transcriptome analysis, plants were cultured from gemmae on the medium with 1%
sucrose, either containing 2 uM KA or the solvent control. After 12 days of growth under cW or
cW+cFR, ~50 mg whole thallus was collected for each sample, frozen with liquid nitrogen and
homogenized with metal beads in a shaking device (Shake Master Auto, BMS-A20TP, Bio
Medical Science, Japan). The total RNA was isolated with the RNeasy Plant Mini Kit (QIAGEN),
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and the RNA quality was confirmed using the Bioanalyzer RNA 6000 pico assay (Agilent). The
MRNA was enriched with the NEBNext Poly(A) mMRNA Magnetic Isolation Module (New England
Biolabs, #E7490). The library was prepared with the NEBNext Ultra Il Directional RNA Library
Prep Kit for Illumina (New England Biolabs, #E7760) and amplified using NEBNext Multiplex
Oligos for Illumina (96 Unique Dual Index Primer Pairs Set 2, New England Biolabs, #E6442).
After quality check with the Bioanalyzer High Sensitivity DNA assay (Agilent), the samples were
sequenced with the NextSeq 500 system using the NextSeq 500/550 High Output Kit v2.5 for
75 cycles (lllumina). Approximately 7.8 million of single-end reads were obtained for each
sample, and automatically de-multiplexed by the BaseSpace Sequence Hub (Illumina).

The sequence reads were quasi-mapped to the M. polymorpha MpTak_v6.1 genome (lwasaki
et al., 2021) and quantified using Salmon (v1.9.0) (Patro et al., 2017), with U-chromosome
transcripts excluded from the index. After that, differential gene expression analysis was
performed in R (v4.2.2) with the package DESeq2 (v1.38.3) in default settings (Love et al., 2014).
Gene ontology enrichment analyses was performed with the R package topGO (v2.50.0) (Alexa
and Rahnenfuhrer, 2022) using annotations previously described (Hernandez-Garcia et al.,
2021) and the classic Fisher's exact test, and p-values were left unadjusted following the
package’s instructions. To visualize the enriched terms, semantic similarities were calculated
using the R package GOSemSim (v2.24.0) (Yu et al., 2010; Yu, 2020a), and used for building a

two-dimensional map with the package Rtsne (Krijthe, 2015).

Accession numbers

M. polymorpha genes investigated in this research can be found in the MarpolBase
(https://marchantia.info) with the following accession numbers: MpCPS
(Mp2g07200/Mapoly0015s0008); MpKS (Mp6g05950/Mapoly0097s0049); MpTPS1
(Mp6g05430/Mapoly0167s0025); MpKOL1 (Mp3gl8320/Mapoly0140s0010); MpKOL2
(Mp2g01950/Mapoly0130s0003); MpKOL3 (Mp2g01940/Mapoly0130s0002); MpKAOL1
(Mp49g23680/Mapoly0020s0131); MpKAOL3  (Mp2g10420/Mapoly0023s0011); MpBNB
(Mp3g23300/ Mapoly0024s0106). The transcriptome data obtained in this research is deposited
to the Sequence Read Archive at the DNA Data Bank of Japan (DDBJ) under the Bioproject
PRJDB15786. The scripts for data analysis are available at GitHub:
https://github.com/dorrenasun/Mp_GA_biosynthesis.
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Supplemental Data

Supplemental Figure 1. Gibberellin (GA) biosynthesis pathway in vascular plants,
showing compounds analyzed or used for treatment in this research.

Supplemental Figure 2. Genotype information for Mpcps'd, Mpks', Mpkoll', and
Mpkaol19% mutants.

Supplemental Figure 3. Thallus morphology of Mpcps'® mutants in Tak-2 background
under cW+cFR.

Supplemental Figure 4. Morphology of Mpcps'® plants during gametangiophore
formation in the aseptic culture.

Supplemental Figure 5. Sections of gametangiophores in wild-type and Mpcps" plants,
as well as the fertility test.

Supplemental Figure 6. LC-MS/MS and GC-MS profiles for KA and GA12 detection.
Supplemental Figure 7. Response of Mpcps-49 and Mpkaoll-5% to different
concentrations of KA.

Supplemental Figure 8. Phylogenetic tree of KO homologs in land plants.
Supplemental Figure 9. Phylogenetic tree of KAO and closely-related CYP enzymes in
land plants.

Supplemental Figure 10. Heatmap of percentage identity for KAO and closely-related
CYP enzymes in land plants.

Supplemental Figure 11. Subcellular localizations of GA biosynthesis enzymes in M.
polymorpha.

Supplemental Figure 12. Genotype information for Mptps1'd, [Mpkol2 Mpkol3]“ and
Mpkaol3'Y mutants.

Supplemental Figure 13. Phenotypes of Mptps1'd, [Mpkol2 Mpkol3]® and Mpkaol3'
mutants.

Supplemental Figure 14. Up-regulation of GA biosynthesis genes by FR irradiation.
Supplemental Figure 15. Heatmaps of genes from selected pathways or gene families,
showing differential expression in Mpcps-4'Y under cW+cFR.

Supplemental Figure 16. Quantification method for thallus morphology.

Supplemental Table 1. List of plant materials
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Supplemental Table 2. List of plasmids

Supplemental Table 3. List of DNA oligos

Supplemental Data Set 1. Differentially expressed genes in the transcriptome analysis

Supplemental Data Set 2. Enriched gene ontology (GO) terms in the transcriptome
analysis

Supplemental Data Set 3. List of genome and transcriptome sources for phylogenetic
analysis

Supplemental Data Set 4. Summary of statistics
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Figure Legends

Figure 1 Loss of MpCPS function alters thallus morphology under far-red light (FR) enriched
conditions.

A, Morphology of 12-day-old plants grown from gemmae under continuous white light (cW) or
continuous white light with far-red light (c(W+cFR) conditions. Images were selected randomly
from different plants. Bars = 10 mm. B-D, Measurements of the thallus growth angle (B), length-
width ratio (C) and thallus area (D) from half plants shown in A. n=21-36. E, Apical regions of
plants labelled with 5-ethynyl-2'-deoxyuridine (EdU) after 7-day growth in cW+cFR, showing two-
dimensional projections of color-coded z-stacks. White lines mark the boundary of plants or
imaging area. F, Number of nuclei with positive EAU signals in the apical regions of 7-day-old
plants grown in cW+cFR (n=5). For all figures, WTJ refer to Tak-1 wild-type plants. For B-D and
F, each dot represents data from a “half thallus”, which was developed from a single meristem
of the gemma. Horizontal lines represent mean values. Letters represent statistical differences,
and groups with no common letters were significantly different (adjusted p<0.05). For B-D, non-
pooled Welch’s t-test with Benjamini-Hochberg (B-H) adjustment was used due to heterogeneity

of variance. Tukey’s HSD test was used in F.

Figure 2 MpCPS is required for delayed sexual reproduction and affected gametangiophore
morphology.

A-B, Progress of apical bifurcation and gametangiophore formation in male (A) and female (B)
plants, which were cultured aseptically under cW for 7 days before transferred to cW+cFR. Dots
and error bars represent means and standard deviations, respectively. n=8. WTJ and WTQ refer
to Tak-1 and Tak-2 wild-type plants, respectively. C-D, Photos of male (C) and female (D) plants
bearing gametangiophores, cultured on vermiculite under cW+cFR from thallus fragments for 81
and 63 days, respectively. E, Ventral view of antheridiophores. F, Dorsal and ventral view of
archegoniophores. Arrowheads indicate marginal digitate rays, and the number of digitate rays
was labeled in the ventral view. G-J, Fluorescence microscopic images and quantification of
MpBNB-Cit accumulation in the apical regions of 11-day-old male (G-H, dorsal view), or 14-day-
old female (I-J, ventral view) plants cultured under cW+cFR from gemmae. G and |, Z-projections
of image stacks, with cell walls stained with calcofluor white (purple) and Citrine signals shown

in green. Arrows indicate apical meristems. H and J, Number of Citrine-positive nuclei counted
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from projection of image stacks. Each dot represents data from 1/2 (H) or 1/4 (J) of the thallus,
and horizontal lines represent mean values. Asterisks show statistical difference compared to
the control group (Mann-Whitney U test; **, p<0.01; ***, p<0.001). n=7 for H, n=8 for J.

Figure 3 Endogenous levels of and responsiveness to KA or GAs in wild-type and Mpcps'® plants.
A, Endogenous levels of GAs measured in wild-type plants (Tak-1) by LC-MS/MS. B, Selected

ion chromatography showing peak of endogenous GA12 in comparison with the ?Hz-labeled

internal standard. For A-B, plants were cultured under cW for 10 days, then induced under
cW+cFR for 3 days. C-D, Effect of 2-uM KA or GAs on the morphology of 12-day-old thalli
cultured under cW+cFR from gemmae. Horizontal bars in D represent mean values, and letters
represent multiple comparisons with non-pooled Welch'’s t-test and B-H adjustment (adjusted
p<0.05 for non-overlapping letters, n=16-18). E-F, Effect of 2-uM KA or GAs on
gametangiophore formation (E) and morphology (F). Plants were cultured aseptically under cW
for 7 days before transferred to cW+cFR. For (E), dots and error bars represent mean=SD (n=>5),
and asterisks show statistical difference compared to the mock group (Kruskal- Wallis test; *,
p<0.05; **, p<0.01; ***, p<0.001). Data from the mock group is presented repeatedly in each

subplot for comparison. Bars =10 mm in C and 5 mmin F.

Figure 4  Biosynthetic route for GAi2 production in M. polymorpha.
A, Proposed enzymatic steps for GA12 biosynthesis in M. poymorpha. B-D, GC-MS analysis
showing conversion of ent-kaurene to KA (B), and KA to GA12 (C-D) by yeast cultures expressing
KO and KAO homologs. E, biosynthesis mutants with GA12 below the detection limit. n.d., not
detected. F-G, morphlogy of 12-day-old mutants grown under cW+cFR with or without 2 yM KA.
Each dot in G represents data from a "half thallus”, horizontal bars represent mean values, and
letters represent multiple comparisons with non-pooled Welch'’s t-test and B-H adjustment
(adjusted p<0.05 for non-overlapping letters, n=14-18). H-lI, Gametangiophore formation
progress (H) and morphology (I) of mutants, cultured aseptically under cW for 7 days before
transferred to cW+cFR and treated with 2 uM KA. Dots and error bars represent meantSD in H
(n=5), and asterisks show statistical difference (Kruskal-Wallis test; *, p<0.05; **, p<0.01; ***,

p<0.001). Bars=10 mmin Fand 5 mm n I.
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Figure 5 Transcriptional regulation related to GA biosynthesis in M. polymorpha.
A, Relative expression level of GA biosynthesis genes by gPCR in Mppif< and its
complementation line, cultured under cW for 7 days and then transferred to cW+cFR. B,
endogenous level of GA12 in Tak-1 plants cultured under cW for 10 days, then under cW or
cW+cFR for 4 days. The data for cW+cFR group is the same as in Figure 3A. The p-value was
calculated by Student's t-test. C, Number of differentially expressed genes (DEGSs) between 12-
day-old Mpcps-4'9 and Tak-1 plants, or Mpcps-4' plants grown with or without 2-uM KA under
indicated light conditions (Wald test with B-H adjustment by DESeq2, DEG defined as adjusted
p<0.01 and [logz(Fold Change)|>0.585). D, expression patterns of up- and down- regulated
genes in Mpcps-4'. E, Distribution of DEGs induced by FR enrichment in Tak-1 and Mpcps-4
plants, comparing transcriptomes of cW+cFR to cW conditions. F, GO term enrichment analysis
of DEG sets shown in (C). Each dot shows a significant enriched biological process term (p<0.01
by Fisher's exact test), and semantically similar terms were plotted in color-coded clusters.
Selected terms were highlighted with annotations. metab. proc., metabolic process. See
Supplemental Data Set 2 for full lists. G, Relative expression level of GA biosynthesis genes by
gPCR in plants cultured under cW for 11 days, then transferred to cW+cFR with or without 2-uM
KA treatment. All bar plots with error bars (A-B, G) represent meanzSD from 3 biological
replicates (pooled whole thallus tissue). Letters in A and G represent multiple comparisons with

Tukey’s HSD test (adjusted p<0.05 for non-overlapping letters).
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Figure 1 Loss of MpCPS activity alters thallus morphology under far-red light (FR) enriched conditions.
A, Morphology of 12-day-old plants grown from gemmae under continuous white light (cW) or
continuous white light with far-red light (c(W+cFR) conditions. Images were selected randomly from
different plants. Bars = 10 mm. B-D, Measurements of the thallus growth angle (B), length-width ratio
(C) and thallus area (D) from half plants shown in A. n=21-36. E, Apical regions of plants labelled with
5-ethynyl-2'-deoxyuridine (EdU) after 7-day growth in cW+cFR, showing two-dimensional projections
of color-coded z-stacks. White lines mark the boundary of plants or imaging area. F, Number of nuclei
with positive EdU signals in the apical regions of 7-day-old plants grown in cW+cFR (n=5). For all
figures, WT QG refer to Tak-1 wild-type plants. For B-D and F, each dot represents data from a “half
thallus”, which was developed from a single meristem of the gemma. Horizontal lines represent mean
values. Letters represent statistical differences, and groups with no common letters were significantly
different (adjusted p<0.05). For B-D, non-pooled Welch’s t-test with Benjamini-Hochberg (B-H)
adjustment was used due to heterogeneity of variance. Tukey’s HSD test was used in F.
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Figure 2 MpCPS is required for delayed sexual reproduction and affected gametangiophore
morphology.

A-B, Progress of apical bifurcation and gametangiophore formation in male (A) and female (B) plants,
which were cultured aseptically under cW for 7 days before transferred to cW+cFR. Dots and error bars
represent means and standard deviations, respectively. n=8. WTJ and WT @ refer to Tak-1 and Tak-
2 wild-type plants, respectively. C-D, Photos of male (C) and female (D) plants bearing
gametangiophores, cultured on vermiculite under cW+cFR from thallus fragments for 81 and 63 days,
respectively. E, Ventral view of antheridiophores. F, Dorsal and ventral view of archegoniophores.
Arrowheads indicate marginal digitate rays, and the number of digitate rays was labeled in the ventral
view. G-J, Fluorescence microscopic images and quantification of MpBNB-Cit accumulation in the
apical regions of 11-day-old male (G-H, dorsal view), or 14-day-old female (I-J, ventral view) plants
cultured under cW+cFR from gemmae. G and |, Z-projections of image stacks, with cell walls stained
with calcofluor white (purple) and Citrine signals shown in green. Arrows indicate apical meristems. H
and J, Number of Citrine-positive nuclei counted from projection of image stacks. Each dot represents
data from 1/2 (H) or 1/4 (J) of the thallus, and horizontal lines represent mean values. Asterisks show
statistical difference compared to the control group (Mann-Whitney U test; **, p<0.01; ***, p<0.001).
n=7 for H, n=8 for J.
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Figure 3 Endogenous levels of and responsiveness to KA or GAs in wild-type and Mpcps' plants.

A, Endogenous levels of GAs measured in wild-type plants (Tak-1) by LC-MS/MS. B, Selected ion
chromatography showing peak of endogenous GAi2 in comparison with the ?H-labeled internal
standard. For A-B, plants were cultured under cW for 10 days, then induced under cW+cFR for 3 days.
C-D, Effect of 2-uM KA or GAs on the morphology of 12-day-old thalli cultured under cW+cFR from
gemmae. Horizontal bars in D represent mean values, and letters represent multiple comparisons with
non-pooled Welch’s t-test and B-H adjustment (adjusted p<0.05 for non-overlapping letters, n=16-18).
E-F, Effect of 2-uM KA or GAs on gametangiophore formation (E) and morphology (F). Plants were
cultured aseptically under cW for 7 days before transferred to cW+cFR. For (E), dots and error bars
represent meantSD (n=5), and asterisks show statistical difference compared to the mock group
(Kruskal-Wallis test; *, p<0.05; **, p<0.01; ***, p<0.001). Data from the mock group is presented
repeatedly in each subplot for comparison. Dots and error bars represent meantSD in E (n=5). Bars =
10 mminCand 5 mminF.
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Figure 4 Biosynthetic route for GA12 production in M. polymorpha.

A, Proposed enzymatic steps for GA12 biosynthesis in M. poymorpha. B-D, GC-MS analysis showing
conversion of ent-kaurene to KA (B), and KA to GA12 (C-D) by yeast cultures expressing KO and KAO
homologs. E, biosynthesis mutants with GAs2> below the detection limit. n.d., not detected. F-G,
morphlogy of 12-day-old mutants grown under cW+cFR with or without 2 yM KA. Each dot in G
represents data from a "half thallus", horizontal bars represent mean values, and letters represent
multiple comparisons with non-pooled Welch’s t-test and B-H adjustment (adjusted p<0.05 for non-
overlapping letters, n=14-18). H-lI, Gametangiophore formation progress (H) and morphology (I) of
mutants, cultured aseptically under cW for 7 days before transferred to cW+cFR and treated with 2 yM
KA. Dots and error bars represent meantSD in H (n=5), and asterisks show statistical difference
(Kruskal-Wallis test; *, p<0.05; **, p<0.01; ***, p<0.001). Bars =10 mm in F and 5 mmiin .
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Figure 5 Transcriptional regulation related to GA biosynthesis in M. polymorpha.

A, Relative expression level of GA biosynthesis genes by qPCR in Mppif© and its complementation
line, cultured under cW for 7 days and then transferred to cW+cFR. B, Endogenous level of GAi2 in
Tak-1 plants cultured under cW for 10 days, then under cW or cW+cFR for 4 days. The data for cW+cFR
group is the same as in Figure 3A. The p-value was calculated by Student's t-test. C, Number of
differentially expressed genes (DEGs) between 12-day-old Mpcps® and Tak-1 plants, or Mpcps-4"
plants grown with or without 2-uM KA under indicated light conditions (Wald test with B-H adjustment
by DESeq2, DEG defined as adjusted p<0.01 and |log2(Fold Change)|>0.585). D, Expression patterns
of up- and down-regulated genes in Mpcps-4“. E, Distribution of DEGs induced by FR enrichment in
Tak-1 and Mpcps-4"“ plants, comparing transcriptomes of cW+cFR to cW conditions. F, GO term
enrichment analysis of DEG sets shown in (C). Each dot shows a significant enriched biological process
term (p<0.01 by Fisher’s exact test), and semantically similar terms were plotted in color-coded clusters.
Selected terms were highlighted with annotations. metab. proc., metabolic process. See Supplemental
Data Set 2 for full lists. G, Relative expression level of GA biosynthesis genes by gPCR in plants
cultured under cW for 11 days, then transferred to cW+cFR with or without 2-uyM KA treatment. All bar
plots with error bars (A-B, G) represent meantSD from 3 biological replicates (pooled whole thallus
tissue). Letters in A and G represent multiple comparisons with Tukey’s HSD test (adjusted p<0.05 for
non-overlapping letters).
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Supplemental Figure 1 Gibberellin (GA) biosynthesis pathway in vascular plants, showing compounds
analyzed or used for treatment in this research. GGDP, geranylgeranyl diphosphate; ent-CDP, ent-
copalyl diphosphate; CPS, ent-copalyl diphosphate synthase; KS, ent-kaurene synthase; KO, ent-
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catalyzed by GA2ox was shown with grey arrows. GAs is a major product from the fungus Fusarium
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(Fujioka et al., 1990; Albone et al., 1990). GAMT and GAZ2ox could act on broader ranges of substrates
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Related to Figure 3.
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Mpcps-6“ (MpBNB-Citd) -- -
Mpcps-24 (MpBNB-Cit?)

AGGCAGGGCAGCTTCAA ...

GATCATCCATCCAAACCCTTGTACCCGAATGTCTAGTACGGAGCTTGGGLGCTTTTCGCTT
MpCPS-NR1 target

MpCPS-NR2 target

TGGGCGCTTTTCGCTT

- -—TTGGGCGCTTTTCGCTT
GATCATCCATCCARACCCTTG-————————=—=———————————————— GGCGCTTTTCGCTT
--TTGGGCGCTTTTCGCTT
bbbt GCTTTTCGCTT
ACCTGTCTAGTACGGAGCTTGGGCGCTTTTCGCTT
ACCGAACTTGGGCGCTTTTCGCTT

MpEps-39 (MPBNB-CitQ) —— === = m oo oo TTGGGCGCTTTTCGCTT
B +1 MpKS (Mp6g05950) 6475
A
wT —f:-—-—l--l-l—u—l—l—-+-|—-:|,_—
Mpks-14¢ —m2-—-—— .. —
Mpks-19¢ ————————— [

WT TTGTTTTACTACCATACTGECCEACCTATCCTIGE TGTCCTGATGTCCCGRRACCTGTCCGE . . . GIGCTCGAGTCTARAGTACAGCTC
MpKS-NR2 target MpKS-NR1 target

Mpks-14 (Tak-1) TTGTTTTACTACCATAGTGGCGGACGTATGCTTGCTGTCCTGATGTCCCGGCACCTGTCCGCC

Mpks-19 (Tak-1) TTGTTTTACTACCATAGTARAA === === === === === m— = — oo

TAAAGCQCCAGACGAACAAGACTqTGTéGAﬂCATAGAéTCTTGCAGGIGTCAATGAT

MpKS-NL2 target MpKS-NL1 target
TAAAGCGCCAGACGAACAAGACTCTGTGGAACATAGAGTCTTGCAGGTGTCAATGAT
7777777777777777777777777777777777777777777 CAGGTGTCAATGAT

WT TAGACGGTGAAGGATGCCTGAGARAGTTGE .. .

Mpks-14 (Tak-1) GTCGAATGCCTGAAARAGTTGC ...
Mpks-19 (Tak-1) —————————————ommmommoo

MpKOL1 (Mp3g18320) 4211

C A +

wT —

=

Mpkoltd &~———————

WT TTGCATCAAGCTTTECAGCGGGAGAAAAGCCATGATCFTTATATGTACCGCTCGGEATGCTCGCTCCATAAAAACEEE&CTAGCTCGTCCCA
MpKOL1-gRNA1 target

Mpkol1-7"9 (Tak-1) TTGCATCAAGCTTTCCAGCGGGAGARAAGCCATGATCCTTATATGTACCGCTC-———

Mpkol1-139 (Tak-1) TTGCATCAAGCTTTCCAGCGGGAGAAAAGCCATGATCCTTATATGTACCGCTC- -~

MpKOL1-gRNA2 target

WT ATATTT%GTAGGGchéACAAACATTATTTGTCGGAfTACGAGACCATCAT GITCAGITTAGAAACCCICCTGORGARTCTGGCAAAAATT
MpKOL1-gRNA3 target MpKOL1-gRNA4 target

MPpKoI1-7" (Tak-1) === === === = = m o oo o o TCCTGGAGAATCTGGCAAAAATT

Mpkol1-137 (Tak-1) ——————=—————— - GGTCATATATTTGATTCTGGCAATCTGATAGCAAAAATCAAAATCTGATCTGGCAAAAATT

MpKAOL1 (Mp4g23680) 4972

D "

MpKAOL1-gRNA1 target
i ' i i i i i

WT TAGITACATTGGTCGTCGTTCTGCGGAAT TGGAATTGGTGGAGCTATGCGCCCAGTCTTCAGAARGGCCAGGCTCCTCICCCCCCCGGRGAC
CIVITILIVIVIVIL[RIN[W[N[W[W[S[Y[ATP[SILIO[RK[GIOQ[ATPIL[P[P[G][D]

Mpkaol1-5% (Tak-1) TAGTTACATTGGTCGTCGTTCTGCGGAATTGGAATTGGTGGAGCTATGCGCCCAGTCTTCAGAAAGGCCAGGCTCCTCTCCCC-CCGGAGAC
p B LI VITILIVIVIVILTRIN[WIN[WIW[STY[ATP[STLIOTR[GIOTATPILIPJ[ETETT]
ge 4y TAGTTACAT TGGTCG T G T TG == = = = = = = = = = = = = = = = = = oo

Mpkaol779(Tak1)[lelTllelV|V|L]

ATGGGCTGGGCTGTCGTCGGCCACATGCTTGACTTCCTCCGTGCGTTCARATCCCAAGAGCCTGACACTTTTATCGGCAATATGATCARACG
[MIGIWIAJVIV[GIHE[MILID[FIL[RIATFIK]IS[OTEJP[D]IT[FIT[GINIM[TTK[R]
ATGGGCTGGGCTGTCGTCGGCCACATGCTTGACTTCCTCCGTGCGTTCAAATCCCAAGAGCCTGACACTTTTATCGGCAATATGATCARACG

Mpkaol1-5% (Tak-1)

[WIAJGILISISIAJTICIL]IT[S[SIVIR]ISIN]P[R[SILITILIL]ISIATTIR]
Mpkaol1-7% (Tak-1) """ TCGTCGGCCACATGCTTGACTTCCTCCGTGCGTTCAAATCCCAAGAGCCTGACACTTTTATCGGCAATATGATCAAACG
P [STSTATTICILI T[S SIVIRISINIPIRIS[LITILILISs AT ]

Supplemental Figure 2 Genotype information for Mpcps?(A), Mpks'? (B), Mpkol1? (C), and Mpkaol19¢
(D) mutants. WT refers to reference sequences from MpTak_v6.1 genome assembly. In the schematic
presentations of genomic structures, white and black rectangles represent untranslated and coding
regions of exons, respectively. Targets of guide RNAs are indicated by blue arrows in the scheme and
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frames in the sequence (dark blue: the protospacer adjacent motif). Green arrows indicate the binding
sites of genotyping primers. Indels and substitutions are shown in red letters. Numbers above the
sequences indicate positions relative to the transcription start sites (+1). Putative protein translations
are shown with framed letters in D, and the premature stop codons are marked with asterisks (*).
Related to Figures 1 and 4.
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Supplemental Figure 3 Thallus morphology of female Mpcps™® mutants in Tak-2 background under
cW+cFR. A, Photos of 12-day-old plants grown from gemmae under cW+cFR. Bars = 10 mm. WT @
refers to Tak-2 wild-type plants. B-D, Measurements of the thallus growth angle (B), length-width ratio
(C) and thallus area (D) from half plants shown in A. Each dot represent data from a “half thallus”
developed from one apical meristem of the gemma. Horizontal lines represent mean values, and letters
represent multiple comparisons with two-sided, non-pooled Welch’s t-test and B-H adjustment
(adjusted p<0.05 for non-overlapping letters, n=19-34). Related to Figure 1.
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Supplemental Figure 4 Morphology of Mpcps plants during gametangiophore formation in aseptic
culture. A, Morphology of half thalli cultured under cW for 7 days, then under cW+cFR for 16 days.
Arrows indicate gametangiophores visible by the naked eye. WTJ3 and WTS refer to Tak-1 and Tak-2
wild-type plants, respectively. B, Morphology of young gametangiophores from aseptic culture. C, An
extreme example of Mpcps'® female gametangiophore with indeterminate bifurcation. The dashed line
indicates the whole structure equivalent to a single gametangiophore. Related to Figure 2.
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Supplemental Figure 5 Sections of gametangiophores in wild-type and Mpcps'® plants, as well as the
fertility test. A and C, Transverse sections of antheridiophore (A) or archegoniophore (C) stalks.
Asterisks indicate bundles of pegged rhizoids. Thickness: 200 um. B and D, longitudinal sections of
antheridiophore (B) or archegoniophore (D) receptacles, showing the antheridium (B) or the egg cell in
archegonium (D). Thickness: 70 ym. E-F, Mature sporangia from crossing experiments with various
combinations among wild-type and Mpcps™ plants. Related to Figure 2.
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Supplemental Figure 6 LC-MS/MS and GC-MS profiles for KA and GA12 detection. A, Mass spectra
of GA12 and [°Hz]-GA12 in wild-type M. polymorpha samples were identical to those of authentic
compounds. Detected by LC-MS/MS in the product-ion scanning mode. B, Mass spectra of KA and
GA12 detected by GC-MS in P. pastoris cultures expressing MpKOL1 or MpKAOL1, compared to the
positive controls. C-D, Selected ion chromatograph showing GA12 deficiency in Mpks-149, Mpkol1-7'¢
or Mpkaol1-79¢, detected by LC-MS/MS with the multiple reaction monitoring (MRM) mode. Related to
Figures 3 and 4.
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Supplemental Figure 7 Response of Mpcps-4"Y and Mpkaol1-5% to different concentrations of KA. A-
B, Morphology of 12-day-old plants cultured under cW+cFR from gemmae with different concentrations
of KA. Bars = 10 mm. C-E, Measurements of the thallus growth angle (C), length-width ratio (D) and
thallus area (E) from half plants shown in A-B. Each dot represent data from a “half thallus” developed
from one apical meristem of the gemma. Horizontal lines represent mean values, and letters represent
multiple comparisons with two-sided, non-pooled Welch’s f-test and B-H adjustment (adjusted p<0.05
for non-overlapping letters, n=12-18). Related to Figures 3 and 4.
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Supplemental Figure 8 Phylogenetic tree of KO homologs in land plants. Nodes were labelled with
percentage support values from 1000 standard non-parametric bootstraps by IQ-TREE 2. Branch

length represents the number of substitutions per site. M. polymorpha proteins of interest were indicated
with red arrows. Related to Figure 4.
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Supplemental Figure 9 Phylogenetic tree of KAO and closely-related P450 enzymes in land plants.
Nodes were labelled with percentage support values from 1000 standard non-parametric bootstraps by

IQ-TREE 2. Branch length represents the number of substitutions per site. M. polymorpha genes of
interest were indicated with red arrows. Related to Figure 4.
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bona fide KAO (CYP88) family members. M. polymorpha genes of interest were colored in red, and
their closely-related genes from A. thaliana or O. sativa were colored in purple. Related to Figure 4.
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Mpcps-4"3 2035S:MpCPS-Cit (Mpcps-4") #63

Citrine Citrine Calcofluor White + Chlorophyll Merged

Mpks-14"3

Citrine Citrine®

Mpkol1-793 pr039S:MpKOL1-Cit (Mpkol1-7) #43
Citrine 7 \ Calcofluor White + Chlorophyll

Citrine

Mpkaol1-5%¢7

Citrine Citrine
.

Supplemental Figure 11 Subcellular localization of GA biosynthesis enzymes in M. polymorpha.
Representative images were taken from 7-day-old plants cultured under cW+cFR, fixed and stained
with calcofluor white (A-C) or DAPI (D) to visualize the cell wall or the cell nuclei, respectively (shown
in blue). Citrine signals were shown in green, and the autofluorescence of chlorophyll was shown in
magenta. Asterisks (*) in D indicate the positions of cell nuclei. For each plant material, at least three
different individuals were observed to confirm the protein localization patterns. Related to Figure 4.
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A +1 MpTPS7 (Mp6g05430) 8378
N :
WT —
Mptps?-69¢ =—~G(  }——
Mptps?-78¢ m——~r( Y} —— [

WT cCGTCTCCCEEGATCARGGTTGGCAATAAL CAGTTGAGACTGACCAGTGEITGACTGG . . . AAAGCATGTTCGGATGATAGGACTCAGCC

MpTPS1-NL1 target MpTPS1-NL2 target
Mptps1-699 (Tak-1) CCGTCTCCCCGGGATCAAGGTTGGCARGATCAAGGT — === === === == mmm == — L.
Mptps1-789 (Tak-1) CCGTCTCCCCGGGACTGACCA-—=— === === === === === - oo —— oo .

' ' ' ' ' ' ' ' ' '
WT GACACCATAATGTCACCATAATTTGAATTGTAAGTTAGTGGAATCTAATTTTTTTCTTCTTACTCGACGCATCTTCGTTCGTGTTAGTGTGC
Mptps1-69"’ (Tak-1) GACACCATAATGTCACCATAATTTGAATTGTAAGTTAGTGGAATCTAATTTTTTTCTTCTTACTCGACGCATCTTCGTTCGTGTTAGTGTGC

Mptps1—78"’ (Tak—1 ) *********** GTGTTAGTGTGCCAATCAGTGATCCATAGCCCCATGCCCCGTGTCAGTGATCCATAGCCCCATGAGGTCGTGTTAGTGTGC
B . MpKOL2 (Mp2g01950) MpKOL3 (Mp2g01940)
WT =
+1 3714 +1 4269

[Mpkol2 Mpko/3)¢ —— W WP——  ————————

WT GAGTTACGATCAGACATAAAATCTGGGTGGGCTCCGTTTCTCTGATATAGTGGTGORGCGGAATAGACTCTCATTCAGGI CATTTTACATGC

MpKOL2~3-gRNAT target ~ MPKOL2~3-gRNAZ target
[Mpkol2 Mpkol3]-5 (Tak-1) GAGTTACGATCAGACATAARATCTGGGTGGGCTCCGTTTCAACAGAGCATC
[Mpkol2 Mpkol3]-9 (Tak-1) GAGTTACGATCAGACATAAAATCTGGGTGTAATATTGTTTACT

ACTAAACGGAGAATTGTGTTTAATACTAATAG?

WT TCCTCGTGCAGGGACCCTGACCTGATCACGAAGTATGGAGAGTATAAAGGGTAGGCTCTTTTACATGGATGAGCTTTATATCGAGAATTTTA
IMpkol2 Mpkol3]-59 (Tak-1) ———— === = == = — = oo o o
Mpkol2 Mpkol3]-9 (Tak-1) CTCACACCCTTGGGATTGAGGAAGTGCGTTGGTAGAACATTG

WT ACTTTTCTTCTATCATATA% TACAAATATGTTCACTCCTA’I* AATGTTCTAC! gACGCACTTCCTCAATCCCAAGG&STGTGAGATCATGT

MpKOL2~3-gRNA3 target MpKOL2~3-gRNA4 target
[MpkoI2 MpKOI3]-5' (Tak-1) == === === === m oo oo GGGTGTGAGATCATGT
Mpkol2 Mpkol3]-99 (Tak-1) ————— === === = = = = oo oo o o o TCCCAAGGGTGTGAGATCATGT
C N MpKAOL3 (Mp2g10420)
wT ~
+1 3902
Mpkaol-13

Mpkaol-48¢ —————

WT GCOTTaeT (,(,L,(,L(JACII%ACAGCGﬁYEFATI‘ACCATC GRAGCCCACCTCAACACTAGAGTTIGER ... AAGITTGGATAAGCAATAGCTGAAA
MpKAOL3-NLT target MpKAOLS-NL2 target

Mpkaol3-13 (Tak-1) GCCCCGCTACCGCTGACAACAGCGAAATACCATCAGAAGCCCACCTCAACACTAGAGTTGGA ... AAGTTTGGATAAGCAATAGC-----

Mpkaol3-48" (Tak-1) GCCCCGCTACCGCTGACAACAGCGARAT ————————————————— - e

WT TATGCCTTCAGATGTGCACAGCTCCARRT TTTAACAATAGT TTAGCGTACTATCGGRGGAAATGT TAGTTCARAAAATTCAGCACTCATGCAR

MpKAOL3-NR1 target MpKAOL3-NR2 target
Mpkaol3-13 (Tak-1) ——--—--————————————— AACGAAGCACGCGCAATAGTTTAGCGTACTATCGGAGGAAATGTTAGTTCAAAAATTCAGCACTCATGCAA
Mpkaol3-48'7 (Tak=1) ————— === === === = oo oo o o TCAGCACTCATGCAA

Supplemental Figure 12 Genotype information for Mptps 19, [Mpkol2 Mpkol3]® and Mpkaol3'd mutants.
WT refers to reference sequences from MpTak_v6.1 genome assembly. In the schematic presentations
of genomic structures, white and black rectangles represent untranslated and coding regions of exons,
respectively. Targets of guide RNAs are indicated by blue arrows in the scheme and frames in the
sequence (dark blue: the protospacer adjacent motif). Green arrows indicate the binding sites of
genotyping primers. Indels and substitutions are shown in red letters. Numbers above the sequences
indicate positions relative to the transcription start sites (+1). Related to Figure 4.
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Supplemental Figure 13 Phenotypes of Mptps1", [Mpkol2 Mpkol3]® and Mpkaol3'd mutants. A-D,
Morphology (A) and measurements (B-D) of 12-day-old thalli grown from gemmae under cW or
cW+cFR. Each dot represent data from a “half thallus” developed from one apical meristem of the
gemma. Horizontal lines represent mean values, and letters represent multiple comparisons with two-
sided, non-pooled Welch’s t-test and B-H adjustment (adjusted p<0.05 for non-overlapping letters,
n=11-18). E-F, Gametangiophore formation progress (E) and morphology (F) of mutants, grown under
cW for 7 days before transferred to cW+cFR in aseptic culture. Dots and error bars represent mean+SD
in H (n=5). Bars =5 mm in F. Related to Figure 4.
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Supplemental Figure 14 Up-regulation of GA biosynthesis genes by FR irradiation. A, Heatmap of
gene expression changes after FR irradiation, using data from (Hernandez-Garcia et al., 2021). The
transcriptomes were sequenced from plants cultured under continuous red light for 7 days, then
irradiated with FR light for 0, 1 or 4 hours. FC, fold change. paq, adjusted p-value. B, Relative expression
level of GA biosynthesis genes in Tak-1 wild-type plants, quantified by gPCR from plants cultured under
cW for 7 days and then transferred to cW+cFR for indicated hours. The plots represent mean+SD from
3 biological replicates. Related to Figure 5.
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Supplemental Figure 15 Heatmaps of genes from selected pathways or gene families, showing
differential expression in Mpcps-4"¢ under cW+cFR. FC, fold change. paqj, adjusted p-value. Related to
Figure 5.
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A Thallus growth angle:

Photos taken with Mark angles in Fiji Batch measurement
cameraltripod Add to ROl manager with ImageJ macro script

B Area and length-width ratio of half thallus

* » H ®* &N

& .
o ®O0e &
a Y - » > & 3y 'b."
® - S8
> e & %
.

&> *

Put half thallus pieces on wet Mark growth axis in Fiji Convert the image to binary, Batch measurement
filterpaper, press flat and take photos fill holes with ImageJ macro script
Add to ROl manager

Supplemental Figure 16 Quantification method for thallus morphology. A, For the measurement of
growth angles, blocks of agar medium with plants were cut out and aligned at certain distance to a fixed
camera. After photos were taken from the side view, angles between the thallus and the medium
surface were measured for each half thallus with Fiji/lmaged. B, For the measurement of thallus area
and length-width ratio, photos were taken from the top for half thalli flattened on a filter paper. A growth
axis was defined manually for each half-thallus, pointing from the basal end to the first bifurcation point.
A minimum bounding rectangle was created around the thallus along the direction of the growth axis,
and the edges of this rectangle defined the length and width of the thallus. Related to methods.
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Supplemental Table 1 List of plant materials

Genetic

Name background Sex Vector for construction Source
Tak-1 - Male - (Ishizaki et al., 2016)
Tak-2 - Female - (Ishizaki et al., 2016)
Mpcps-4' Tak-1 Male pMpGE017-MpCPS-LD This paper
Mpcps-27 Tak-1 Male pMpGE017-MpCPS-LD This paper
pr035S:MpCPS-Cit (Mpcps-4"9) #6 Mpcps-4" Male pMpGWB306-MpCPS-CDS This paper
pr035S:MpCPS-Cit (Mpcps-4"9) #7 Mpcps-4" Male pMpGWB306-MpCPS-CDS This paper
Mpcps-1201 Tak-2 Female pMpGEQ017-MpCPS-LD This paper
Mpcps-1234 Tak-2 Female pMpGEQ017-MpCPS-LD This paper
pr035S:MpCPS-Cit (Mpcps-1209) #2 Mpcps-120“ Female pMpGWB306-MpCPS-CDS This paper
pr035S:MpCPS-Cit (Mpcps-120") #6 Mpcps-1201 Female pMpGWB306-MpCPS-CDS This paper
Mpcps-59 (MpBNB-Cit 3) MpBNB-Cit & Male pMpGE018-MpCPS-LD (Yamaoka et al., 2018)
Mpcps-69 (MpBNB-Cit &) MpBNB-Cit & Male pMpGE018-MpCPS-LD (Yamaoka et al., 2018)
Mpcps-2¢ (MpBNB-Cit Q) MpBNB-Cit Female pMpGEQ018-MpCPS-LD (Yamaoka et al., 2018)
Mpcps-39 (MpBNB-Cit Q) MpBNB-Cit Female pMpGEQ018-MpCPS-LD (Yamaoka et al., 2018)
Mpks-14' Tak-1 Male pMpGE018-MpKS-LD This paper
Mpks-19' Tak-1 Male pMpGE018-MpKS-LD This paper
pro35S:MpKS-Cit (Mpks-14'9) #13 Mpks-14" Male pMpGWB106-MpKS-CDS This paper
pro35S:MpKS-Cit (Mpks-14'9) #14 Mpks-14/ Male pMpGWB106-MpKS-CDS This paper
Mpkol1-7" Tak-1 Male pMpGE018-MpKOL1-LD This paper
Mpkol1-13 Tak-1 Male pMpGEQ18-MpKOL1-LD This paper
pr035S:MpKOL 1-Cit (Mpkol1-7'9) #2 Mpkol1-7" Male pMpGWB106-MpKOL1-CDS This paper
pr035S:MpKOL 1-Cit (Mpkol1-7') #4 Mpkol1-7" Male pMpGWB106-MpKOL1-CDS This paper
Mpkaol1-59%¢ Tak-1 Male pMpGEO011-MpKAOL1-gRNA1 This paper
Mpkaol1-79¢ Tak-1 Male pMpGEO011-MpKAOL1-gRNA1 This paper
pr035S:MpKAOL 1™L-Cijt (Mpkaol1-5%9) #3  Mpkaol1-59° Male pMpGWB106-MpKAOL1- This paper

CDSmut
or035S:MpKAOL 1™L-Cijt (Mpkaol1-5%9) #4  Mpkaol1-59° Male pMpGWB106-MpKAOL1- This paper

CDSmut
Mptps1-69¢ Tak-1 Male pMpGE018-MpTPS1-LD This paper
Mptps1-78¢ Tak-1 Male pMpGE018-MpTPS1-LD This paper
[Mpkol2 Mpkol3]-5 Tak-1 Male pMpGEQ18-MpKOL2/3-LD This paper
[Mpkol2 Mpkol3]-9 Tak-1 Male pMpGEQ18-MpKOL2/3-LD This paper
Mpkaol3-13" Tak-1 Male pMpGEO018-MpKAOL3-LD This paper
Mpkaol3-48" Tak-1 Male pMpGEO018-MpKAOL3-LD This paper
Mppif #1 Tak-1xTak-2 F1 Female - (Inoue et al., 2016)
gMpPIFMppif© #1 Mppif© #1 Female - (Inoue et al., 2016)
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Supplemental Table 2 List of plasmids

Name Source Identifier
pMpGE_En04 (Hisanaga et al., 2019) -

pBCGE12 (Hisanaga et al., 2019) -

pBCGE23 (Hisanaga et al., 2019) -

pBCGE34 (Hisanaga et al., 2019) -

pMpGEO17 (Hisanaga et al., 2019) -

pMpGEO18 (Hisanaga et al., 2019) -
pMpGE_En04-MpCPS-NL1 This paper -
pBCGE12-MpCPS-NL2 This paper -
pBCGE23-MpCPS-NR1 This paper -
pBCGE34-MpCPS-NR2 This paper -
pMpGE_En04-MpCPS-LD This paper -
pMpGEQ17-MpCPS-LD This paper -
pMpGEQ18-MpCPS-LD This paper -
pENTR/D-TOPO Thermo Fisher Cat#K240020
pENTR-MpCPS-CDS This paper -

pMpGWB306 (Ishizaki et al., 2015) Addgene #68637
pMpGWB306-MpCPS-CDS This paper -
pMpGE_En04-MpKS-NL1 This paper -
pBCGE12-MpKS-NL2 This paper -
pBCGE23-MpKS-NR1 This paper -
pBCGE34-MpKS-NR2 This paper -
pMpGE_En04-MpKS-LD This paper -
pMpGEQ18-MpKS-LD This paper -
pENTR-MpKS-CDS This paper -

pMpGWB106 (Ishizaki et al., 2015) Addgene #68560
pMpGWB106-MpKS-CDS This paper -
pMpGE_En04-MpKOL1-gRNA1 This paper -
pBCGE12-MpKOL1-gRNA2 This paper -
pBCGE23-MpKOL1-gRNA3 This paper -
pBCGE34-MpKOL1-gRNA4 This paper -
pMpGE_En04-MpKOL1-gRNA1~4 This paper -
pMpGEO018-MpKOL1-gRNA1~4 This paper -
pENTR-MpKOL1-CDS-NoStop This paper -
pMpGWB106-MpKOL1-CDS This paper -

pMpGE_En03 (Sugano et al., 2018) Addgene #71535
pMpGEO11 (Sugano et al., 2018) Addgene #71537

pMpGE_En03-MpKAOL1-gRNA1
pPMpGE011-MpKAOL1-gRNA1
pENTR-MpKAOL1-CDS-NoStop
pENTR-MpKAOL 1-CDSmut-NoStop
pMpGWB106-MpKAOL 1-CDSmut
pPMpGE_En04-MpTPS1-NL1
pBCGE12-MpTPS1-NL2
pBCGE23-MpTPS1-NR1
pBCGE34-MpTPS1-NR2
PMpGE_En04-MpTPS1-LD
pMpGE018-MpTPS1-LD
pMpGE_En04-MpKOL2/3-gRNA1
pBCGE12-MpKOL2/3-gRNA2
pBCGE23-MpKOL2/3-gRNA3
pBCGE34-MpKOL2/3-gRNA4
pMpGE_En04-MpKOL2/3-LD
pMpGE018-MpKOL2/3-LD
pMpGE_En04-MpKAOL3-NL1
pBCGE12-MpKAOL3-NL2
pBCGE23-MpKAOL3-NR1
pBCGE34-MpKAOL3-NR2
pMpGE_En04-MpKAOL3-LD

This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
This paper
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pMpGEOQ17-MpKAOL3-LD This paper -
pPICZA Thermo Fisher Cat #V19020

pPICZA-AtKO This paper -
pPICZA-MpKOL1 This paper -
pPICZA-MpKOL2 This paper -
pPICZA-MpKOL3 This paper -
pPICZA-AtKAO1 This paper -
pPICZA-MpKAOL1 This paper -
pPICZA-MpKAOL3 This paper -
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Supplemental Table 3 List of DNA oligos

Name

Sequence (5'—3’)

Used for

MpCPS-NL1-OligoA
MpCPS-NL1-OligoB
MpCPS-NL2-OligoA
MpCPS-NL2-OligoB
MpCPS-NR1-OligoA
MpCPS-NR1-OligoB
MpCPS-NR2-OligoA
MpCPS-NR2-OligoB
MpCPS-gt-F

MpCPS-gt-R
CACC-MpCPS-CDS-F
MpCPS-CDS-R
MpKS-NL1-OligoA
MpKS-NL1-OligoB
MpKS-NL2-OligoA
MpKS-NL2-OligoB
MpKS-NR1-OligoA
MpKS-NR1-OligoB
MpKS-NR2-OligoA
MpKS-NR2-OligoB
MpKS-gt-F

MpKS-gt-R
CACC-MpTPS4-CDS-F
MpTPS4-CDS-R
Mapoly0140s0010-gRNA1-F
Mapoly0140s0010-gRNA1-R
Mapoly0140s0010-gRNA2-F
Mapoly0140s0010-gRNA2-R
Mapoly0140s0010-gRNA3-F
Mapoly0140s0010-gRNA3-R
Mapoly0140s0010-gRNA4-F
Mapoly0140s0010-gRNA4-R
Dseq-KOL1-gRNA1~4F
Dseq-KOL1-gRNA1~4R
CACC-MpKOL1-CDS-F
MpKOL1-CDS-ns-R
MpKAO-gRNA1F
MpKAO-gRNA1R
MpKAO-Dseq1-F
MpKAO-Dseq1-R
Mapoly0020s0131-F
MpKAOL1-CDS-ns-R
MpKAOL1-mut-F
MpKAOL1-mut-R
MpTPS1-NL1-OligoA
MpTPS1-NL1-OligoB
MpTPS1-NL2-OligoA
MpTPS1-NL2-OligoB
MpTPS1-NR1-OligoA
MpTPS1-NR1-OligoB
MpTPS1-NR2-OligoA
MpTPS1-NR2-OligoB
MpTPS1-gt-F

MpTPS1-gt-R
Mapoly0130s0002-0003-gRNA1-F
Mapoly0130s0002-0003-gRNA1-R
Mapoly0130s0002-0003-gRNA2-F
Mapoly0130s0002-0003-gRNA2-R

CTCGATCAACCTTACGAACCGGAC
AAACGTCCGGTTCGTAAGGTTGAT
CTCGGATAACTGCCACAGCGAAGC
AAACGCTTCGCTGTGGCAGTTATC
CTCGTTCGGGTACAAGGGTTTGGA
AAACTCCAAACCCTTGTACCCGAA
CTCGGAATGTCTAGTACGGAGCTT
AAACAAGCTCCGTACTAGACATTC
GGAACCTATCCGGGGATCCT
ATGTGACGTTCGTTTGCTGC
CACCATGGCATTCTCGTTAGCAGGT
GGCCACAGGCTCGAAGAGTA
CTCGTGTGGAACATAGAGTCTTGC
AAACGCAAGACTCTATGTTCCACA
CTCGTCCACAGAGTCTTGTTCGTC
AAACGACGAACAAGACTCTGTGGA
CTCGTGCTTGCTGTCCTGATGTCC
AAACGGACATCAGGACAGCAAGCA
CTCGCAAGCATACGTCCGCCACTA
AAACTAGTGGCGGACGTATGCTTG
ACTGTGAGCTGAAACTGCAGA
GGACGGACATGGATCTAGCA
CACCATGATGATCCATCCAGCTATTGTG
GGCCTGTTCACTTTCGATGG
CTCGGATCATGGCTTTTCTCCCGC
AAACGCGGGAGAAAAGCCATGATC
CTCGGATGCTCGCTCCATAAAAAC
AAACGTTTTTATGGAGCGAGCATC
CTCGATCCGACAAATAATGTTTGT
AAACACAAACATTATTTGTCGGAT
CTCGGTTCAGTTTAGAAACCCTCC
AAACGGAGGGTTTCTAAACTGAAC
GGATTGATGTACTTGACGAG
TTCGGCCTGAAGTCTAAGAG
CACCATGAAATGCTTCGGTTTG
AATCTTCGCTGGACAG
CTCGCCAGGCTCCTCTCCCCCC
AAACGGGGGGAGAGGAGCCTGG
GAGGCATTGAGATCGAGAGG
ATACTCTCGGCGGTCGTTGC
CACCATGTTGGAGATTTCGTCCAC
CAATCGTGAGAAGTTTATAAGACAG
GCTGCCGCCGGGAGACATGGGCTGG
GGTGCTTGCCCTTTCTGAAGACTGGG
CTCGGTTCTTGCCAACCTTGATCC
AAACGGATCAAGGTTGGCAAGAAC
CTCGAACCAGTTGAGACTGACCAG
AAACCTGGTCAGTCTCAACTGGTT
CTCGACGTGACTGTGTTGAGTCTA
AAACTAGACTCAACACAGTCACGT
CTCGCAGTCACGTCACTACGAGAC
AAACGTCTCGTAGTGACGTGACTG
GGCCTCTCGTAGCTTTGA
CAGGAAGGTTTGCTTGCA
CTCGCCACCACTATATCAGAGAAA
AAACTTTCTCTGATATAGTGGTGG
CTCGAGCGGAATAGACTCTCATTC
AAACGAATGAGAGTCTATTCCGCT

pMpGE_En04-MpCPS-NL1
pMpGE_En04-MpCPS-NL1
pBCGE12-MpCPS-NL2
pBCGE12-MpCPS-NL2
pBCGE23-MpCPS-NR1
pBCGE23-MpCPS-NR1
pBCGE34-MpCPS-NR2
pBCGE34-MpCPS-NR2
Genotyping of Mpcps™
Genotyping of Mpcps™
pENTR-MpCPS-CDS
pENTR-MpCPS-CDS
pMpGE_En04-MpKS-NL1
pMpGE_En04-MpKS-NL1
pBCGE12-MpKS-NL2
pBCGE12-MpKS-NL2
pBCGE23-MpKS-NR1
pBCGE23-MpKS-NR1
pBCGE34-MpKS-NR2
pBCGE34-MpKS-NR2
Genotyping of Mpks™
Genotyping of Mpks™
pENTR-MpKS-CDS
pENTR-MpKS-CDS
pMpGE_En04-MpKOL1-gRNA1
pMpGE_En04-MpKOL1-gRNA1
pBCGE12-MpKOL1-gRNA2
pBCGE12-MpKOL1-gRNA2
pBCGE23-MpKOL1-gRNA3
pBCGE23-MpKOL1-gRNA3
pBCGE34-MpKOL1-gRNA4
pBCGE34-MpKOL1-gRNA4
Genotyping of Mpkol1"
Genotyping of Mpkol1"
pENTR-MpKOL1-CDS
pENTR-MpKOL1-CDS
pMpGE_En03-MpKAOL1-gRNA1
pMpGE_En03-MpKAOL1-gRNA1
Genotyping of Mpkaol19¢
Genotyping of Mpkaol19¢
pENTR-MpKAOL1-CDS-NoStop
pENTR-MpKAOL1-CDS-NoStop
pENTR-MpKAOL1-CDSmut-NoStop
pENTR-MpKAOL1-CDSmut-NoStop
pMpGE_En04-MpTPS1-NL1
pMpGE_En04-MpTPS1-NL1
pBCGE12-MpTPS1-NL2
pBCGE12-MpTPS1-NL2
pBCGE23-MpTPS1-NR1
pBCGE23-MpTPS1-NR1
pBCGE34-MpTPS1-NR2
pBCGE34-MpTPS1-NR2
Genotyping of Mptps 1/
Genotyping of Mptps 1/
pMpGE_En04-MpKOL2/3-gRNA1
pMpGE_En04-MpKOL2/3-gRNA1
pBCGE12-MpKOL2/3-gRNA2
pBCGE12-MpKOL2/3-gRNA2
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Mapoly0130s0002-0003-gRNA3-F
Mapoly0130s0002-0003-gRNA3-R
Mapoly0130s0002-0003-gRNA4-F
Mapoly0130s0002-0003-gRNA4-R
Dseq-KOL2-3_gRNA1~4F
Dseq-KOL2-3_gRNA1~4R
MpKAOL3-NL1-OligoA
MpKAOL3-NL1-OligoB
MpKAOL3-NL2-OligoA
MpKAOL3-NL2-OligoB
MpKAOL3-NR1-OligoA
MpKAOL3-NR1-OligoB
MpKAOL3-NR2-OligoA
MpKAOL3-NR2-OligoB
MpKAOL3-gt-F

MpKAOL3-gt-R
pPICZA-AtKO-IF-F

pPICZA-AtKO-IF-R
pPICZA-MpKOL1-IF-F
pPICZA-MpKOL1-IF-R
pPICZA-MpKOL2-IF-F
pPICZA-MpKOL2-IF-R
pPICZA-MpKOL3-IF-F
pPICZA-MpKOL3-IF-R
pPICZA-AtKAO1-IF-F
pPICZA-AtKAO1-IF-R
pPICZA-MpKAOL1-IF-F
pPICZA-MpKAOL1-IF-R
pPICZA-MpKAOL3-IF-F
pPICZA-MpKAOL3-IF-R
MpEF1-gPCR_F
MpEF1-gPCR_R
MpCPSKS_qPCR-F
MpCPSKS_qPCR-R
MpKS-RT-F
MpKS-RT-R
MpKO_gPCR-F1
MpKO_gPCR-R1

MpKAO_qPCR-F1
MpKAO_gPCR-R1

CTCGATAGGAGTGAACATATTTGT
AAACACAAATATGTTCACTCCTAT
CTCGAACGCACTTCCTCAATCCCA
AAACTGGGATTGAGGAAGTGCGTT
CTCCAAGTGTTGTGTAGCTG
CTCTTAGCAGATGTGACCAC
CTCGTTCGCTGTTGTCAGCGGTAG
AAACCTACCGCTGACAACAGCGAA
CTCGGCCCACCTCAACACTAGAGT
AAACACTCTAGTGTTGAGGTGGGC
CTCGTTGGAGCTGTGCACATCTGA
AAACTCAGATGTGCACAGCTCCAA
CTCGACAATAGTTTAGCGTACTAT
AAACATAGTACGCTAAACTATTGT
GGCACACACGAGACTCCC
TCGCGAGGAGTAGGCTTT
ATTCGAAACGAGGAA
ATGGCCTTCTTCTCCATGA
CCCAAGCTGGCGGCC
AGAACGCCTTGGATTGAT
ATTCGAAACGAGGAA
ATGAAATGCTTCGGTTTGTC
CCCAAGCTGGCGGCC
AATCTTCGCTGGACAG
ATTCGAAACGAGGAA
ATGACCAGACACTTGGGTGA
CCCAAGCTGGCGGCC
AGCTGGCAAAATATTTTTCA
ATTCGAAACGAGGAA
ATGGAGAGTACAGAGAAATC
CCCAAGCTGGCGGCC
AGATGGCAGAACACCTTTGA
ATTCGAAACGAGGAA
ATGGCGGAGACAACGAGTTG
CCCAAGCTGGCGGCC
CTGATAACTAATTCTTGCCA
ATTCGAAACGAGGAA
ATGTTGGAGATTTCGTCCAC
CCCAAGCTGGCGGCC
CAATCGTGAGAAGTTTATAA
ATTCGAAACGAGGAA
ATGGCTGCGATTGTTCTCA
CCCAAGCTGGCGGCC
GCTGCACACACGACGAGT
AAGCCGTCGAAAAGAAGGAG
TTCAGGATCGTCCGTTATCC
TCTTACACGGTTCTCGGGATG
GGATTGCGTTTTGAGGAAGATG
CAAGCAAGGATAGCAATCCAG
TCGCATCATTCCCAACCAG
TGCAGCACTTCGAGTTGACC
TGCAGTTTGTGGGAGGTGAC
GCCCTATGCGTTCAAACCTG
GCTCGATGCCGATACAACTC

pBCGE23-MpKOL2/3-gRNA3
pBCGE23-MpKOL2/3-gRNA3
pBCGE34-MpKOL2/3-gRNA4
pBCGE34-MpKOL2/3-gRNA4

Genotyping of [Mpkol2 Mpkol3]?
Genotyping of [Mpkol2 Mpkol3]?

pMpGE_En04-MpKAOL3-NL1
pMpGE_En04-MpKAOL3-NL1
pBCGE12-MpKAOL3-NL2
pBCGE12-MpKAOL3-NL2
pBCGE23-MpKAOL3-NR1
pBCGE23-MpKAOL3-NR1
pBCGE34-MpKAOL3-NR2
pBCGE34-MpKAOL3-NR2
Genotyping of Mpkaol3"
Genotyping of Mpkaol3"
pPICZA-AtKO

pPICZA-AtKO
pPICZA-MpKOL1
pPICZA-MpKOL1
pPICZA-MpKOL2
pPICZA-MpKOL2
pPICZA-MpKOL3
pPICZA-MpKOL3
pPICZA-AtKAO1
pPICZA-AtKAO1
pPICZA-MpKAOL1
pPICZA-MpKAOL1
pPICZA-MpKAOL3
pPICZA-MpKAOL3

gPCR for MpEF1 (reference)
gPCR for MpEF1 (reference)
gPCR for MpCPS

gPCR for MpCPS

gPCR for MpKS

gPCR for MpKS

gPCR for MpKOL1

gPCR for MpKOL1

gPCR for MpKAOL1

gPCR for MpKAOL1

Red letters indicate adapter sequences, and start codons are indicated with underline.
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